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Abstract 
 
Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are long chain 
polyunsaturated fatty acids (LC-PUFA) belonging to the omega-3 fatty acids, which have 
demonstrated to be nutritionally important for the development, cardiovascular and brain 
function of higher eukaryotes. Exponential growth of the omega-3 fatty acids market has 
dramatically reduced the stocks of traditional sources for those fatty acids that are typically 
derived from small fatty fish. Microalgae are the major provider of LC-PUFAs in the marine 
ecosystem; hence research has turned towards commercial land-based cultivation of 
algae with high nutritional content. Heterotrophic culture systems of microalgae are 
already being used commercially, in particular for the production of DHA as a food 
supplement. However, production has high setup and operational costs, and faces 
limitations for scale-up as contamination of these heterotrophic cultivation systems cannot 
be easily controlled. Autotrophic production systems may allow further expansion of the 
use of microalgae as LC-PUFA biofactories, and therefore EPA obtained from marine 
microalgae can form the basis for sustainable industrial production, when optimal culturing 
conditions specifically stimulate the synthesis of these bio-products. 
The proposition was made at the start of this thesis, that optimal environmental cultivation 
conditions for EPA production in marine microalgae can be promoted under certain 
conditions and optimized to achieve higher yields. Among others, two potential EPA-
producing microalgae were further investigated based on initial production data using 
unoptimized standard laboratory conditions. These include the microalga Nannochloropsis 
sp. BR2, originally isolated from the Brisbane River, Australia, as well as the marine 
microalga Tetraselmis sp. M8, that was first isolated from a rock pool at Australia’s 
Sunshine Coast. In the present study, it was found that the highest EPA content can be 
achieved for Nannochloropsis sp. when conditions were optimal for growth and high 
biomass productivity. For example, a well-controlled pH or the use of additional CO2 during 
Nannochloropsis sp. cultivation led to the highest overall EPA productivity, with EPA 
proportions of up to 40% of total isolated fatty acids. However, the total EPA contents per 
dry weight in this alga can be higher when stimulated by external stress factors, but these 
typically slow down growth.  
For Tetraselmis sp. M8, optimal EPA productivity was achieved with progressive nutrient 
stress. LC-PUFA biosynthesis in this alga correlated well with gene expression and 
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differed according to nutrient and growth phase in this microalgal strain. However, no 
single stress factor was identified that specifically induced only EPA biosynthesis. 
In conclusion, this study demonstrates that improved EPA production can be achieved for 
autotrophic microalgae. LC-PUFAs, including EPA were highest in relation to total fatty 
acids during optimal growth phases, suggesting that they are required in larger amounts 
under these conditions for cellular functions, such as membrane assembly. Stress 
conditions, such as nutrient deprivation and UV-C light exposure can lead to higher total 
amounts of EPA, most likely to repair cellular damage, but overall EPA productivities were 
highest during exponential growth for the high yielding Nannochloropsis sp. BR2 strain. 
Large-scale cultivation of autotrophic microalgae should be developed to determine 
whether additional optimization measures can be identified to enable more sustainable 
supplies of omega-3 fatty acids via land-based grown autotrophic microalgae.  
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1. CHAPTER ONE.  
General Introduction and research question 
Omega-3 fatty acids (ω-3) are long chain polyunsaturated fatty acids (LC-PUFA) and 
essential for normal growth and prolonged health of higher eukaryotes. Nutritionally, 
eicosapentaenoic acid (EPA 20:5) and docosahexaenoic acid (DHA 22:6), are the most 
important components of the ω-3 family, as they have proved to have significant human 
health benefits such as reducing cardiovascular, nervous and immune system related 
diseases [1-4].  
In past decades, a significative increase on the demand of ω-3 as dietary supplement for 
humans and as animal and aquaculture feed, has caused a dramatic decline of the current 
main source of ω-3, wild fatty fish, such as salmon, mullet, mackerel, anchovy and sardine 
[5-7]. Microalgae are the actual primary synthesizers of ω-3 that spread these fatty acids 
(FA) along the marine food chain. Microalgae therefore represent a promising alternative 
for the commercial production of ω-3. Effective microalgal production systems greatly 
depend on variables affecting the algae development and possible triggers for fatty acid 
accumulation, such as nutrient availability during cultivation, as well as salinity, 
temperature, pH, and other external conditions. This study has focussed on the 
optimization of growth variables possibly responsible for high synthesis of EPA from 
Australian microalgal species as alternative source of ω-3. 
Previous studies have demonstrated the potential of microalgae as a source of omega-3 
FAs (EPA, DHA) and current commercial production (e.g. by Martek Biosciences 
Corporation) makes use of heterotrophic algae that produce predominately DHA, but very 
little or no EPA, which is the fatty acid on interest in this thesis. In our systems we have 
found that our algae can produce EPA rather than DHA [8]. However, a method for 
industrial and commercial production of these FAs from autotrophic microalgae still needs 
to be developed, as they can present amore cost effective system for a diversity of 
bioproducts. Autotrophic systems can address drawbacks presented by heterotrophic 
systems such as contamination, close system cost issues and scalability disadvantages. 
Different algal species divert in their capacity and adaptability to environmental conditions 
(e.g. salinity, temperature, pH, nutrients, etc). The accumulation of substances of interest 
(e.g. EPA) is a result of the interaction of environmental factors working together for 
cellular survival [9].  
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Structurally, EPA is a fatty acid rich in energy due to the length of the carbon chain (20) 
and the presence of the five double bonds in the chemical structure, making it mobile FA 
important for cellular functions. In addition, it is believed to play an important role in 
membrane assembly/repair and as an antioxidant providing a cell membrane-shielding 
effect [10,11]. Hence, the hypotheses posed for increased biosynthesis of EPA in 
microalgae are: 
 
- EPA is required during cell division where it is needed for membrane conformation. 
- Changing external abiotic conditions causing osmotic, oxidate or thermal stress that 
lead to membrane damage and oxidative stress can enhance synthesis of EPA.   
It should be pointed out that the two proposed mechanisms for increased EPA production, 
abiotic stress and normal cell division, are not necessarily agreeable as increased stress 
can lead to reduced or arrested cell division.  Change of abiotic conditions such as salinity, 
temperature, pH, and nutrient levels, contribute to the generation of oxidative reagents in 
the cells that can cause significant damage to the cells, therefore, antioxidative agents 
such as EPA and other polyunsaturated fatty acids represent important compounds to 
control intracellular stress. Additionally, EPA is an important membrane compound and 
therefore essential during cell division and membrane permeability [10,11]. 
Applying stress, during cultivation would affect the EPA synthesis; due to the production of 
free radicals therefore EPA would help to scavenge the free radicals. Hence, one of the 
main tasks of this thesis was to determine where both areas act synergistically or 
antagonistically in the quest to achieve optimal EPA production in autotrophic microalgae. 
In the light of the above discussed, the following objectives have been chosen to be 
investigated in the present PhD study: 
1. Optimise growth conditions such as nutrient availability, salinity level, and 
temperature in marine microalgal species selected from the Algae Biotechnology 
Laboratory’s Microalgae Collection at The University of Queensland, based on 
previously screened and selected species (see Appendix 2) 
2. Evaluate the effect of additional carbon (CO2) source on growth and fatty acids 
accumulation, and successively compare the effect of fatty acids enhancer 
conditions such as the addition of carbonate, pH control, low salinity and UV-C 
radiation on cell growth, and fatty acid biosynthesis during replete and deplete 
nutrient conditions in Nannochloropsis sp. 
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3. Assess the expression of genes involved in the fatty acid pathway for the synthesis 
of EPA in the laboratory model microalga Tetraselmis sp. strain M8, identified in the 
transcriptome previously generated by the Algae Biotechnology Laboratory (see 
appendix 5 transcripts paper draft), and correlate this to LC-PUFA profiles and other 
abiotic factors. 
 
In the following section, a comprehensive review about omega-3 fatty acids from 
microalgae is presented. It introduces the importance of microalgae in the marine 
food chain, the nutritional importance of algae and FA for aquaculture, the human 
health benefits of omega-3 fatty acids, and how microalgae produce these fatty 
acids, in particular EPA. It closes with a section about the current approach of 
microalgal cultivation systems for the production of a variety of products. It also 
provides an overview of why omega-3 fatty acids in particular EPA has been 
chosen in this research thesis.  
 
Although there has been an advance in the identification of the functions of EPA in 
the cells as membrane compound and/or as antioxidant agent [10,11], there is still 
no clear evidence on the possible trigger of EPA synthesis and what factor can 
contribute to increase or reduce the synthesis of EPA and other intermediates FAs. 
Consequently, finding possible trigger fors cellular synthesis of EPA and their 
optimisation is required for future effective and efficient commercialization. 
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2. CHAPTER TWO. 
Introduction 
An initial screening of fatty acid content of the microalgae collection was previously 
performed by one of my colleagues (Appendix 2). Based on his results, four microalgal 
species where selected to perform optimum growth condition tests, aiming to improve 
growth and fatty acid content. Results have been collated and presented according to the 
initial optimal growth conditions found. The most promising species were tested on diverse 
cultivation conditions and their physiological response on growth and fatty acid profiles 
were analysed. An extended version of microalgal responses to different growth conditions 
is presented in Appendix 3. 
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Abstract 
Long-chain polyunsaturated fatty acids (LC-PUFAs), such as the omega-3 fatty acids 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) provide significant health 
benefits. LC-PUFAs can be recovered from many marine organisms, transgenic plants, 
fungi and many microorganisms but the largest amount is currently extracted from small 
fatty fish. However, global fish stocks are declining and more sustainable sources of LC-
PUFAs have to be established. As primary producers of the aquatic food chain, many 
marine microalgae produce considerable amounts of PUFAs, in particular EPA and DHA 
that could form the basis for sustainable industrial production of LC-PUFAs. Heterotrophic 
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microalgae are already being used commercially, in particular for DHA production as a 
food supplement, however production has high setup and operational costs. Hence, 
autotrophic production systems may allow further expansion of the use of microalgae as 
LC-PUFA biofactories. Direct comparison of different microalgal strains have shown 
promising candidates for future commercial production. Here, we analyse various 
cultivation conditions for EPA production in four subtropical microalgal species. The results 
of others and our own data reported here, demonstrate that microalgal omega-3 
production can be stimulated under certain conditions and optimized to achieve higher 
yields. We discuss how LC-PUFA production in autotrophically-grown microalgae could be 
best optimized and possibly explored under conditions of large-scale outdoor cultivation. 
 
Omega-3 fatty acids provide significant health benefits 
Omega-3 fatty acids (FAs) are long chain polyunsaturated FAs (LC-PUFAs) of ≥18 
carbons in length and at least two conjugated double bonds in the cis position. 
Nutritionally, C20:5 eicosapentaenoic acid (EPA) and C22:6 docohexaenoic acid (DHA) 
are the most important LC-PUFAs from the omega-3 family. It is known that LC-PUFAs are 
important components of higher vertebrate cell membranes, particularly neuronal cells in 
humans [1]. The consumption of EPA and DHA has proved to prevent and support 
cardiovascular, nervous system and inflammatory conditions. Regular consumption of 
omega-3, has been found to reduce hypertension risk, cardiac arrhythmia, myocardial 
infarction and thrombosis [2]. Omega-3 FAs provide positive effects on brain function [3], 
and healthy development of the fetal brain [4]; therefore are commonly included in infant 
formula. Additionally, omega-3 FAs have been related to alleviation of depression 
symptoms [5], and post natal depression [6]. Contributions to the immune-modulatory 
effects, treating Crohn’s disease, psoriasis, rheumatoid arthritis, ulcerative colitis, cystic 
fibrosis and lupus have also been made [7-10].  
 
Current omega-3 sources and its sustainability  
Traditionally, wild fish has been the most common nutritional source, especially in the last 
decades as a result of its high content of omega-3. Based on the widely reported health 
benefits, the global demand for wild fish is now much larger than the oceans can sustain 
[11] which are at high risk of being overfished [12]. Therefore, if harvests continue at the 
current rate, the worldwide fish stocks could be depleted within 40 years [2]. Concern 
about the ability and sustainability of wild fisheries to meet increasing demand of omega-3 
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FAs has moved efforts towards land-based production, including farmed fish, genetically 
modified plants, regulated krill catches and large-scale production of microalgae [1]. 
Depending on the capacity to find effective and durable production processes, the 
sustainability of current omega-3 FA sources could be achieved. Fish farming represents 
an approach to alleviate concerns about already reduced global fish stock. However, this 
still bears important ecological issues as the main feed supplier for aquaculture still comes 
from wild fish. Hence developing suitable feed formulas for aquaculture with high 
nutritional content from land-based sources can potentially be more sustainable, although 
similar like animal feed, this might put additional pressure on agricultural food production. 
Another potential alternative for land-based sources of EPA are genetically-engineered 
(GM) plants. The success of this approach will depend on regulatory approvals, 
addressing the aversion towards GM plants and possible yield improvements [13].   
 
Microalgae appear as a viable and sustainable source omega-3, and other FAs, as they do 
not depend on freshwater or arable land and have the ability for high FA accumulation 
under adverse conditions [14]. Furthermore, microalgae and microalgal oil have 
demonstrated safety profiles as evidenced by approval of selected species by the Food 
and Drugs Administration [15]. Nevertheless, algal biomass growth and LC-PUFA 
accumulation conditions, as well as harvesting and extraction processes are still subject to 
continual improvement for large-scale development. Currently, the majority of 
pharmaceutical omega-3 FAs from microalgae are produced under heterotrophic 
conditions. Future development in this area appears to be directed towards large-scale 
production of autotrophic microalgae as part of a biorefinery concept, which could reduce 
production costs and scalability and contamination disadvantages from heterotrophic 
systems. These still require fertilizer input for growth, but nutrient recovery by fermentation 
of algal biomass after oil extraction could make this technology highly sustainable 
[13,17,18].   
 
Optimum microalgal growth conditions and its potential for omega-3 production 
Microalgae adaptation and survival to different environments occurs with a variety of 
biochemical and structural changes. Several microalgal strains can produce a high 
percentage of total lipids (up to 30–70%) of dry weight [19]. The accumulation of FAs is 
closely linked to growth phases, functioning as an energy stockpile during unfavorable 
conditions or cell proliferation. LC-PUFA’s including omega-3s are accumulated due to its 
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crucial role for cellular functions [20,21], membrane fluidity and antioxidant due to its 
membrane shielding effect [22,23]. A large number of microalgal strains have been studied 
for their omega-3 FA content. Species from the genera Schizochytrium, Thraustochytrium, 
Nannochloropsis and Phaeodactylum, have attracted significant interest due to their high 
accumulation of DHA and/or EPA. Schizochytrium limacinum [22] and Thraustochytrium 
[25] were found to have a DHA content 30–40% of total FAs; while strains such as 
Nannochloropsis sp. [26] and Phaeodactylum tricornutum [27] revealed an EPA content of 
up to 39% of total FAs. When microalgae are grown in media with optimized nutrient 
concentrations, and controlled conditions (e.g. pH and temperature), high biomass 
densities and commercially acceptable DHA and EPA productivities can be achieved [28]. 
High DHA production from Schizochytrium (50% w/w), have been obtained as a result of 
high growth rates, nutrients control (e.g. glucose, nitrogen, sodium) as well as other 
environmental factors, such as dissolved oxygen concentrations, temperature and pH [19]. 
An increase in microalgal FA content can also be induced as response to unexpected 
change of growth conditions. Growth-limiting stresses such as nutrient deprivation [29,30], 
temperature change [31] or UV radiation [32], activate the production of lipids and/or 
starch reserves, which have been considered a cellular survival mechanism [14]. For 
example, during nitrogen deprivation and constant light exposure of microalgal cultures, 
cell division ceases and cells begin to accumulate lipids [33], leading to a 2–3 fold increase 
in lipid content. Total lipid biosynthesis, including omega-3 FA can be adjusted by varying 
growth conditions as well as nutrient availability. The diatom Phaeodactylum tricornutum 
was induced to enhance its lipid content from 8.12% to 16.85% dry weight [25]. Similarly, 
Nannochloropsis sp. [34] and Dunaliella sp. [35] have been found to reach a total lipid 
content of up to 47% and 60% of dry weight, respectively, once starvation phase is 
reached by adjusting light intensity, temperature and salinity levels. Anaerobic sulphur 
deprivation [36] or addition of nutrients [37] have also been shown to increase cellular FA 
contents.  
Biosynthesis of omega-3 FAs can be stimulated by environmental stresses, including 
change of medium salinity, reducing temperature or exposing cultures to UV radiation. In 
species such as Phaeodactylum tricornutum an increase in EPA content from 13.1% to 
24.2% was observed when the cultivation temperature was shifted from 25°C to 10°C for 
12 h [38]. Similarly, Pavlova lutheri was able to enhance its relative EPA content from 
20.3% to 30.3%, using a decrease in cultivation temperature to 15°C [39]. Salinity may 
also regulate polyunsaturated FA (PUFA) biosynthesis, although not in a consistent 
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manner. For example, Crythecodinium cohnii ATCC 30556 slightly increased its total DHA 
content from 52% to 56.9% of total FAs when culture NaCl concentration was reduced 
from 23 g/L to 9 g/L [40]. Another example of environmental stress has been reported in 
Phaeodactylum tricornutum, when cultures stressed with UV light, increased their EPA 
content up to 19.84% [41]. Some of the increased PUFAs are likely used to repair 
membrane damage and to scavenge free radicals due to PUFAs acting as antioxidants 
[32]. 
Optimization of microalgal biomass growth by adjusting nutrients, salinity, 
temperature and aeration: a case study with three species  
Finding the appropriate conditions to stimulate the synthesis of bioproducts of interest is 
crucial for developing an efficient biological production process. Synthesis of bioproducts 
is generally associated with growth rate and an important response factor to consider 
when selecting optimal conditions. One of the most important variables to consider 
enhancing growth is the nutrient availability. As example, we report here methods and 
conditions used for increasing omega-3 FA production in the green microalga Tetraselmis 
sp. M8 (isolated from a rock pool at Maroochydore (26°39′39″S 153°6′18″E; 12 
pm on 6 August 2009). This strain synthesizes EPA as previously reported by my 
laboratory colleagues Lim et al. 2012 [16]. It was maintained in the Queensland 
Microalgae Collection of the Algae Biotechnology Laboratory at The University of 
Queensland, Australia. Prior to the experiment, the algal strain was grown in F/2 silicate 
free medium. Logarithmic phase cultures were used as inoculum. A total of 20 mL of each 
algal stock culture was transferred to 180 mL of enriched f/2 medium in a 250 mL 
Erlenmeyer flask using three separately-grown cultures. Cultures were incubated at 25°C 
under a 16/8 hours light/dark cycle (120 µmol/m2/s fluorescent white lights 4000K) with 
constant bubbling. Once nitrate was depleted in the medium, cultures were incubated 4 
extra days to reach FA induction phase. Cell count (using a haemocytometer) and OD 
measurements at 440 nm were performed daily for monitoring the growth rate. Samples 
for FA profiling were collected during the FA induction phase. Amongst culturing conditions 
tested included: 
- Effect of mixing systems (shaking vs bubbling) 
- Variation on initial phosphorus concentration (25, 50 and 100 µmol/L). 
- Different cultivation salinity levels (5, 10, 15, 20, 25, 35 ppt) with previous 
adaptation. 
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Figure 1. Tetraselmis sp. strain M8 N:P ratio medium consumption tests.  
a) OD 440 nm representing cell growth, b) Nitrate medium concentration µmol/L, c) 
Phosphate medium concentration µmol/L. Data represent mean values ± SDs for three 
separately-grown and -treated cultures for each test. 
The optimal ratio of macro-nutrients was found by analysing biomass growth and nutrient 
uptake of Tetraselmis sp. M8. Guillard's f/2 seawater medium recipe was used as a base 
line with an N:P ratio of 24:1. The nitrogen concentration was fixed and the phosphate 
concentration was varied in the experiment. The growth response and nutrient 
consumption of Tetraselmis sp. M8 to additional phosphate in medium are presented in 
Figure 1. Increasing the phosphorus concentration promoted growth significantly, when 
initial phosphate concentration was 100 µmol/L (Figure 1a), and rapid consumption of 
nitrogen was observed (Figure 1b). Low phosphorus amounts were depleted from the 
medium faster than higher ones, leaving considerable amounts of nitrogen, which was not 
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depleted from the medium until several days later. On the contrary, when phosphate was 
in higher concentration, the nitrogen uptake was faster and higher final biomass was 
measured. Therefore, phosphorus can be a limiting factor as it limits nitrogen uptake. The 
final nutrients consumption was 5-20 µmol of nitrogen per µmol of phosphate. The average 
N:P ratio calculated was 10:1 for Tetraselmis sp. M8, allowing us to adjust the N:P ratio in 
f/2 medium from 24:4 to 10:1 for effective growth of this microalga.  Additionally, aeration 
was found to be an important factor affecting growth rate. Bubbling mixing had a significant 
positive effect on growth, reducing cultivation time, increasing dissolved CO2, light 
availability and equal nutrient distribution on cultures. When Tetraselmis sp. M8 was 
shifted from shaking to bubbling mixing cultures, the density of cultures increased as well 
as the nutrient uptake rate, reducing culturing time by more than 70% (from 7 to 2 days 
during exponential growth in our cultivation system under nutrient-replete conditions). 
Cultures showed a significantly (p<0.05) increased growth rate µ of 0.217 ± 0.014 (mean 
value ± SDs for three separately-grown and -treated replicate cultures). Consequently, the 
cultivation system was optimized to be more efficient and productive in regards to growth. 
Effective growth is usually reflected in growth rate values. A summary of the highest 
growth rates achieved in some microalgal species tested is presented in Table 1.  
Chaetoceros calcitrans (CS-178) displayed its highest growth rate at a salinity of 35 ppt 
similar to Tetraselmis sp. M8 when different salinities were tested. On the contrary,  
Table 1. Summary of highest growth rates from salinity and temperature optimization 
experiments. 
Species    Growth rate (µ) 
Chetoceros calcitrans 35 ppt 
23°C 
0.359 ± 0.038 
0.288 ± 0.017 
Tetraselmis sp. 35 ppt 
27°C 
0.200 ± 0.022 
0.459 ± 0.037 
Nannochloropsis sp.  5 ppt 
25 ppt 
27°C 
0.447 ± 0.006 
0.426 ± 0.001 
0.264 ± 0.015 
Nannochloropsis sp. BR2 had a significant higher growth rate when salinity was reduced 
down to 25 or 5 ppt, but not at 10 ppt or 15 ppt (Table 1). Even though all are marine 
microalgal species, the response and tolerance to different salinity levels in parts per 
thousand (ppt) made a considerable difference. Many green algae (Chlorophyta) and 
diatoms (Bacillariophyta) are highly adaptable and known to inhabit a diverse range of 
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habitats [42]. As expected, marine algae Tetraselmis sp. M8 and Chaetoceros calcitrans 
[16] grew best under seawater conditions (35 ppt). Microalgae from the Eustigmatophyta 
group, such as Nannochloropsis sp., are known to prefer freshwater habitats [43], although 
our data show that Nannochloropsis sp. BR2, which originated from the brackish Brisbane 
River [16], grew equally well at a higher salinity of 25 ppt (Table 1) which is also the typical 
salinity at its original habitat. 
Salinities tested include 5 ppt, 10 ppt, 15 ppt, 25 ppt and 35 ppt at 23°C. Temperatures 
tested include 15°C, 23°C and 27°C at 15 ppt. Cultures were preadapted to distinct salinity 
levels or temperatures for 2 weeks prior to the experiments for which 10% of precultures 
were used for inoculation. Shown are optimal cultivation conditions that resulted in 
significantly (p<0.05) higher growth rates (µ) compared to the other conditions. Growth 
rates are mean values ± SDs from three separately-grown and -treated replicate cultures 
for each condition tested. 
Similarly to salinity, temperature was tested for different microalgal species. However, 
since the species tested where tropical marine species, their growth rates were 
significantly (p<0.05) reduced at temperatures below 23°C. Tetraselmis sp. M8 and 
Nannochloropsis sp. presented its highest growth rates at 27°C while Chaetoceros 
calcitrans displayed a higher growth when it was cultured at 23°C. Nevertheless, many 
other species have been studied and presented a different response to temperatures [44-
47].   
PUFA accumulation in microalgae can be influenced by salinity, temperature and 
UV-C irradiation 
FA accumulation differs for different microalgal species and growth conditions. FAs used in 
structural cellular functions, such as EPA, are usually in higher proportion when cultures 
are in favourable conditions for cell division [16,43]. There is no clear evidence on what 
triggers the synthesis of EPA in the cells. However, some culture conditions tested in the 
present study were found to increase the percentage of EPA. Table 2 summarizes the 
salinity conditions that led to the highest proportion of EPA compared to total FAs (TFAs). 
As previously mentioned, PUFAs tend to be correlated with growth, depending on culturing 
conditions. Consistent with growth rates, Tetraselmis sp. showed a high EPA percentage 
when cultured at full strength sea water salinity of 35 ppt. Nannochloropsis sp. BR2 
presented the highest EPA ratio of all, with values over 20 % EPA/TFA for salinities of 5 
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ppt to 25 ppt (Table 2). This resulted in high EPA productivities of >4 mg L-1 day-1. 
However, occasionally, depending on species and culture settings, the highest growth rate 
did not correlate with the highest percentage of EPA. Chaetoceros calcitrans presented its 
highest EPA proportion when tested in brackish water of 25 ppt (Table 2) which is 
suboptimal for its growth (Table 1).   
Table 2. Summary of highest proportions of EPA from TFA found to be significantly 
different (p<0.05) compared to the other salinities tested. EPA productivities are shown for 
comparison. 
Species Condition  %EPA/TFA  μg EPA L-1 day-1  
Chaetoceros calcitrans 25 ppt 14.52 ± 0.85 0.77 ± 0.19 
Tetraselmis sp.  35 ppt 3.37 ± 0.20 0.12 ± 0.02 
Nannochloropsis sp. 5 ppt 21.09 ± 1.30 4.45 ± 1.03 
 
15 ppt 18.55 ± 0.08 3.50 ± 1.03 
 
25 ppt 23.23 ± 3.41 3.50 ± 0.58 
Salinities tested include 5 ppt, 10 ppt 15 ppt, 25 ppt and 35 ppt at 23°C. Cultures were pre-
adapted to different salinities for 2 weeks prior to the experiments for which 10% of pre-
cultures were used for inoculation. Shown are mean values ± SDs from three separately-
grown and -treated cultures, each. 
An additional experiment was conducted with Pavlova lutheri culture which was treated 
with external UV-C radiation at different dosages. P. lutheri showed an EPA increase from 
undetectable levels to 12.6% of TFA when exposed to 10 mJ/cm2 of UV-C radiation; 
however its productivity levels were fairly low (0.10 mg L-1 day-1).  
 
Defining optimal conditions 
Interest in omega-3 PUFA sources has increased due to concerns over sustainability of 
traditional sources from fatty fish. Marine organism such as fish and krill obtain their EPA 
and DHA supply from microorganisms that are capable of synthesizing those FAs. 
Microalgae are therefore, interesting microorganisms to be studied and cultivated to 
achieve the required omega-3 quantity in demand. As for any live organism, nutrition plays 
an important role. Adequate and optimum nutrient availability shows a direct correlation 
with favourable biomass growth, and therefore the synthesis of bio-products. EPA’s 
chemical structure and characteristics have been associated with growth and cell division 
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but also with oxidative stress, therefore finding appropriate and optimum conditions directly 
relates to a higher synthesis of omega-3 in the cells. 
It has been widely reported that macronutrient ratios for growing microalgae differs 
amongst species [49]. For marine species, the Redfield ratio [50] is typically observed in 
the natural environment with an N:P ratio of 16:1. Microalgae have great plasticity with 
respect to utilizing nutrients; depending on nutrient availability, the N:P ratio can range 
anywhere from 6:1 to 60:1 [49]. We found that the N:P ratio in Guillard’s f/2 of 24:1 limited 
biomass production (Figure 1). In the species tested, we found a nutrient draw down rate 
of around 10:1 and this also correlated with the highest final biomass production once 
nutrients where depleted. In green algae (Chlorophyceae) it has been found that a ratio of 
4:1 [49,51] would be desirable, while diatoms (Bacillariophyceae) prefer a ratio of 16:1 
when NO3
- is used as nitrogen source, as it is the case in our studies. For the 
Eustigmatophyceae such as Nannochloropsis gaditana, an N:P ratio of 15:1 led to 
maximum biomass concentration [51]. However, it is important to take into account that 
amongst microalgae group classification, each species can also have particular 
requirements for high growth and high production of bio-products of interest. Therefore, 
optimal N:P ratio definition is required for each microalgal species/strain of interest.  
It has already been highlighted that certain stresses caused by environmental conditions 
can promote FA accumulation and other intracellular products of interest. Certain marine 
microalgae have a valuable attribute of being able to accumulate high-value FAs when 
exposed to salinity stress, such as Dunaliella salina, a highly salt-tolerant microalga that 
increased cellular density and lipid content up to 67% of dry weight when grown at high 
salinities [35]. In the present case study, Tetraselmis sp. M8 growth was sensitive to 
salinity changes, as well as the diatom Chaetoceros calcitrans (CS-178) whose optimum 
growth salinity along with high FA accumulations ranged between 25-35 ppt. Modifying FA 
composition may be a mechanism used by these organisms to regulate osmotic balance 
and maintain membrane fluidity under altered conditions, although this response vary 
amongst species and environmental condition changed. 
Strains of Nannochloropsis sp. BR2 showed high adaptability to salinity and promising 
EPA content, which can be promoted by reducing salinity to 25 ppt, when temperature is 
kept at 23°C during nutrient-replete conditions (Table 2). Similarly, it has been reported 
that Nannochloropsis sp. can have a total EPA content of up to 25% if cultivated in salinity 
of 13 ppt, reaching high biomass levels and total FAs up to 40% dry weight [34]. 
40 
Nannochloropsis sp. BR2 is sensitive to temperature shifts, as reducing temperature 
decreased growth rate and FA biosynthesis was reduced (Table 1). Strains of 
Nannochloropsis salina were reported to display the highest growth rate and maximum 
biomass density at 26°C; however, unsaturation of FAs occurred less with increasing 
temperature. Conversely, when reducing cultivation temperature to 13°C, unsaturation of 
FA increased up to 15% in N. salina [46].  
A less traditional condition for stimulating FA synthesis, with low growth promotion is UV 
radiation. This stress, besides reducing growth, can promote synthesis of PUFAs such as 
EPA [32]. EPA and DHA are abundantly synthesized by some phytoplankton species that 
play an important role in the marine food web. They are generally considered to be 
sensitive to oxidation by UV radiation. Exposure to UV-B radiation for 4 hours on a pool of 
mixed phytoplankton resulted in an overall increase in saturated FAs and 
monounsaturated FAs, whereas the PUFA content decreased by 50% [52]. On the other 
hand, percentages of monounsaturated FAs in Chaetoceos muelleri increased, while EPA 
and PUFA decreased under combined UV-A + UV-B treatment [41]. In species such as 
Pavlova lutheri we found that UV-C stimulus was effective for inducing low levels of 
PUFAs. Previous studies in P. lutheri exposed to UV, led to a decrease in the proportion of 
PUFA, especially those in structural lipids as well as a reduction of 20% in EPA levels and 
16% in DHA, whereas for Odontella aurita UV radiation provoked no changes on the FA 
composition of the total lipids and lipid fractions of the cells [53]. Different conditions 
therefore affect differently diverse microalgal species and strains which is important when 
large-scale cultivation is aimed for, and perhaps, according to the bio-products of interest, 
changes are required, as conditions and responses vary when different production scales 
are applied to microalgal culture.  
 
Application of large-scale microalgae cultivation: a biorefinery 
The natural capacity of microalgae to produce multiple bioproducts has encouraged the 
development of the biorefinery model for processing. Similar to the petrochemical industry, 
where crude oil is processed to yield petroleum and a range of other chemicals, 
microalgae can be optimized to produce a range of bioproducts, such as oils, proteins, 
carbohydrates and a wide variety of high value products which can be used by several 
industries (Figure 2). For example, the nutraceutical and pharmaceutical industries use 
high-value bioactive products such as omega-3 FAs, carotenoids and sterols with market 
values of US $ 4.5 billion (2013 figure), 1.2 billion (2010 figure) and 300 million dollars for 
these products, respectively [54,55]. The energy industry can use lipids and carbohydrates 
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to process to diesel, methane and gas [56]). Byproducts, such as glycerol can also be 
used, while the majority of the biomass can be processed by agro-industries to food and 
feed [18,57]. The biorefinery model with integrated processes could facilitate the 
integration of sectors such as wind and solar, reducing the energy input for processing and 
producing algae products. The integration of other industries as allies to biorefinery 
systems, would help to manage resources and reduce the ecological footprint of a 
production system. For instance, reduction of CO2 emissions could be achieved with algal 
feedstock, as algae are efficient and effective biological systems converting CO2 for 
creation of useful products (e.g. 2 kg of CO2 is sequestered to produce 1 kg of algae; [18]). 
 
Figure 2. Example of biorefinery production chain systems whose portfolio includes a 
range of diverse products.  
 
In the past decade there has been a significant amount of research on utilizing microalgae 
as a feedstock for the production of biodiesel. Microalgae present a promising alternative 
to fossil fuels, since microalgal production facilities do not require arable land or freshwater 
and thus do not necessarily compete with existing farming or biodiverse landscapes 
[14,58,59]. However, financial sustainability of the production units is still a concern [60]. 
Nonetheless, declining fossil fuel reserves, incrementing fuel prices and concerns over 
global warming are driving research towards economically viable production biodiesel from 
microalgae. The biorefinery concept is proposed as a path to alleviate concerns about 
energy balance, scale-up logistics and economic viability, where high and low value 
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products could be achieved in parallel [60]. There is confidence among companies 
producing microalgae that the production of high value products will aid the establishment 
of the microalgae industry. Numerous corporations have (at least temporarily) shifted their 
attention from algal biodiesel production, to high-value products, such as omega-3 FAs 
and carotenoids and also protein-rich biomass as animal feed (e.g. Cellana, MBD, Aurora 
Algae, Heliae Development). It is anticipated that with the broader establishment of the 
industry and technology advances in algal biotechnology, the costs for producing algal 
biofuels will be reduced turning the algae biofuel enterprise profitable. The production of 
large amounts of algal oil would then in turn also make algae-derived omega-3 FAs much 
more affordable for the wider population.   
 
Conclusions  
Harvest of wild fish stocks has remained static for the past decades and is not expected to 
rise [61]. With continuing demand for fish and their healthy omega-3 FAs, global fish 
stocks cannot continue to provide a sustainable source of omega-3 FAs. Heterotrophic 
microalgae have been used for the production of omega-3 FAs, in particular DHA. 
However, as the primary producers of PUFAs, the use of autotrophic microalgae for large-
scale production of omega-3 FAs has recently attracted interest. Autotrophic microalgae 
do not require an organic carbon source and hence may avoid the problems faced for 
heterotrophic cultures such as high setup cost, contamination issues and difficulties with 
up-scaling. In a biorefinery concept, omega-3 FAs can be separated from microalgal lipids 
which could be widely used for biodiesel production, while biomass can find uses as 
valuable protein-rich animal feed which could free up arable land for food production. 
Although, in this study it could not be analysed how much of each FAs was derived from 
polar lipids and TAG’s, /it shows a general increase of fatty acids in the microalga cells. If 
carried out at a large scale this would address three major areas of importance: human 
health, transportable energy and food security. The work presented here reported fatty 
acid accumulation in microalgae is species-specific. Microalgal species tested under 
optimal growth showed a relation to high accumulation of different fatty acids amongst 
them EPA. Therefore, achieving high fatty acid productivity inlcuding EPA and LC-PUFA in 
microalgae requires optimal growth conditions and adjustments, for example of  salinity, 
nutrient availability and aeration for efficient light uptake and cell proliferation. 
 
Over the past decade, algal biotechnology has grown steadily into a global industry with 
increasing numbers of entrepreneurs attempting to utilize the biochemical diversity of 
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microalgae for a wide array of applications. At present, achieving economically viable 
production of microalgal lipids is still a major challenge, but strong potential stems from the 
fact that these microbial cell factories have not been domesticated and are not as well 
studied compared to agricultural crops [62]. Indeed, of approximately 40,000 algal species, 
only a few thousand strains are kept in collections, a few hundred are investigated for 
chemical content and approximately half a dozen are cultivated in industrial quantities. 
Therefore, continued isolation and screening of microalgae is required, as well as more in 
depth studies into algal physiology, biochemistry and genetics. Meanwhile the processes 
for algae cultivation, harvesting and oil extraction need to be further improved in efficiency 
and costs. As omega-3 FAs have the biggest market out of the high value products 
synthesized by microalgae, they are likely to be the “game-changer” towards large-scale 
economical microalgae cultivation that will catalyze the production of other important algal 
bioproducts. 
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3. CHAPTER THREE  
Introduction  
Based on results presented previously, a single microalgal strain was selected for further 
studies based on its performance in relation to the others. Nannochloropsis sp. BR2 was 
selected due to its high growth rate, cell density, high-level EPA synthesis and positive 
response to change upon external growth conditions. In this chapter an in-depth analysis 
of possible EPA biosynthesis triggering conditions were investigated, including the effect of 
carbon limitation and multiple comparisons of abiotic conditions on growth and fatty acid 
profiles. 
Supplementary FAME data mentioned in this chapter can be found in Appendix 4. 
 
Fine-tuning of Nannochloropsis sp. cultivation for optimal biomass and 
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Microbiology; currently under review). 
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Abstract 
It is well established that omega-3 fatty acids have several health benefits. Currently most 
omega-3 fatty acids for human consumption are sourced from small fatty fish caught in 
coastal waters and, with depleting global fish stocks, recent research has been directed 
towards more sustainable sources such as microalgae. Marine microalga Nannochloropsis 
sp. is known to have a high percentage of eicosapentaenoic acid (EPA) and is used in the 
aquaculture industry as source of EPA. The current study determined optimal conditions 
for biomass and EPA production in Nannochloropsis sp. Addition of NaHCO3, CO2 and 
HCl to control pH had a significant effect on growth and fatty acid accumulation. These 
treatments resulted in the highest cell density and highest biomass and EPA productivities. 
Nutrient deprivation was found to increase total fatty acids but not EPA as a percentage of 
dry weight. This might be, as mentioned by Olmstead 2013, due to the associated of 
omega-3 fatty acids to membrane lipids rather than triacylglycerol’s (TAGs) (1). As 
polyunsaturated fatty acids (PUFA) are important structural compounds in cell 
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membranes, the highest percentage of EPA is found during cell division, which occurs 
under nutrient replete conditions. The results showed that EPA content were the highest 
when conditions were optimal for growth and high biomass productivity. Optimal conditions 
for biomass and EPA production in Nannochloropsis sp. require phosphorus enriched F/2 
medium, carbon supplementation, pH control (8.0-8.2) and a salinity of 25 ppt. 
Key words: Biomass, CO2, EPA, fatty acids, microalgae cultivation, Nannochloropsis, 
omega-3, pH, PUFA 
Introduction   
Microalgae are photosynthetic organisms with great potential for converting sunlight 
energy, water and CO2 into biomass, fatty acids and other products of high importance 
and value. These algal bio-products are highly interesting for their multiple uses such as 
animal feeds, nutraceuticals and biofuels (2-4). Microalgal growth and fatty acid (FA) 
accumulation greatly depend on species, nutrients and environmental conditions. Addition 
of carbon sources (organic or inorganic) has demonstrated effects over growth and total 
FA (TFA) content on diverse microalgal species. FA profiles change between carbon 
sources, its concentration, and algal growth phases. Addition of carbon sources (glucose 
or CO2) increased growth rate and proportion of PUFA up to 60% in the extremophile 
microalga Chlamydomonas acidophila (5).  Heterotrophic cultures, using glucose as 
carbon source, have also proved to increase lipid content up to 3-fold compared to 
cultures under autotrophic conditions (6). Similar studies have demonstrated that addition 
of glucose enhanced up to 51.1 % total lipids/dry weight (DW) and 41.9 % PUFA/TFA in 
Chlorella zofingiensis (7). Carvalho and Malcata (2005) found that cultures with addition of 
inorganic carbon (CO2) improved TFA content, cell density and biomass. Chaetoceros cf 
wighamii presented a significant increase in cell density when CO2 was supplied to 
cultures (9). Similar work with autotrophic cultures of Nannochloropsis sp. enriched with 
0.28% CO2 increased biomass yield from 457 to 634 mg/L, total fatty acids from 58 to 64 
mg/g DW, and eicosapentaenoic acid (EPA) from 21 to 25% of TFA (8). However, other 
studies have reported that perhaps omega-3 fatty acids are predominantly associated with 
the membrane lipids rather than TAGs in Nannochloropsis sp. (1). These studies suggest 
that for optimal production of microalgal bioproducts, the addition of an appropriate carbon 
source is essential to be investigated. 
Changes on environmental conditions can affect and promote growth and FA synthesis. 
Salinity, pH and UV have demonstrated to affect microalgal species differently. Strains 
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have shown higher growth by changing culture salinity, as observed in the marine diatom 
Chaetoceros cf wighamii, which presented its highest total lipid content at a salinity of 25 
ppt (9). Achieving high amounts of FA can also be dependent on pH. Pinguiococcus 
pyrenoidosus was reported to have its highest PUFA and EPA accumulation when cultures 
were grown at a pH of 6.0 (10). Similarly, diatoms have shown that increasing pH from 7.5 
to 10 decreased FA concentration considerably (11). UV exposure has reported to have 
interesting effects on the FA synthesis. A recent study in Nannochloropsis sp. showed that 
modulated use of UV-A radiation leads to an increased production of fatty acids (12). 
Studies optimizing one or two conditions to stimulate a bioproduct of interest are 
commonly reported, but not research comparing many different conditions. 
The microalga Nannochloropsis sp. is a marine Eustigmatophyte widely used in marine 
aquaculture systems as an important source of vitamins, pigments and PUFAs (13-15). 
This microalga has been widely studied due to its high PUFA content. As found in many 
other species of algae, nutrient depletion significantly increased FA accumulation in 
Nannochloropsis. Other studies have reported that Nannochloropsis salina reaches a total 
FA accumulation of 37.5% lipid/DW when arriving at stationary phase and was grown at a 
salinity of 34 ppt (16). Similarly, Nannochloropsis gadiata grown at low irradiance 
demonstrated accumulation up to 50% lipid/DW after a nutrient deprivation phase (16). 
Doan and Obbard reported a total lipid production 50 and 55 % of DW in Nannochloropsis 
sp. using cell sorting and ethyl methanesulfonate, respectively, as treatments for 
enhancing FAs (18, 19).  
This study aimed to evaluate the effect of an additional carbon (CO2) source on 
Nannochloropsis growth and FA accumulation, in combination with FA enhancer 
conditions such as pH control, low salinity and UV-C radiation during replete and deplete 
nutrient conditions.  
Materials and Methods 
Algal culture and culture conditions 
Nannochloropsis sp. strain BR2 was originally isolated from the Brisbane River (Lim et al., 
2012) and maintained in the Queensland Microalgae Collection of the Algae Biotechnology 
Laboratory at The University of Queensland, Australia. Prior to the experiment, the algal 
strain was grown in F/2 silicate free medium (20) that was phosphate enriched to 100 
µmol/L, with constant bubbling at 25 ppt artificial seawater. Previous experiments found 
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optimal growth at salinities between 5 and 25 ppt (21, 22). CO2 injections were performed 
using a Weipro pH 2010 controller, CO2 was injected when the culture pH increased to 8.2 
and stopped at pH 8.0. Logarithmic phase cultures were used as inoculum. A total of 20 
mL of each algal stock culture was transferred to 180 mL of enriched f/2 medium in a 250 
mL Erlenmeyer flask with artificial seawater at 25 ppt salinity using three separately-grown 
cultures. Cultures were incubated at 25°C under a 16/8 hours light/dark cycle (120 
µmol/m2/s fluorescent white lights 4000K) with constant bubbling. Once nitrate was 
depleted in the medium, cultures were incubated 4 extra days to reach FA induction 
phase. Cell count (using haemocytometer), OD 440 nm and pH measurements were 
performed daily for monitoring growth rate. Samples for FA profiling were collected during 
FA induction phase (day 4, 6 and 8 after culture inoculation).  
 
Table 1. Summary of different cultivation conditions and treatments to optimize 
Nannochloropsis sp. growth, FA and EPA induction 
Factor  Notes 
Control  
UV-C                        25 mJ Irradiation perform at day 1 
Salinity                    Cultures grown and pre-adapted 5 ppt 
Carbon  Addition                  5 mM NaHCO3 addition to culture medium 
CO2 injected pH dependent (8.0 – 8.2) 
pH control Daily pH regulation by adding HCl to 8.0 
 
Following the CO2 supplementation experiment a multifactorial experiment was 
established to identify culture conditions which may further improve growth, lipid 
accumulation and EPA induction. Culture inoculation and incubation conditions were kept 
as detailed above (low salinity inoculum was pre-adapted and tested in 5 ppt artificial 
seawater medium). Growth and nutrients were monitored and quantitative and qualitative 
Nile red staining was performed daily. Samples were collected for FA analysis on day 2 
(nutrient replete) and day 5 (nutrient deplete) after culture inoculation. Varied cultivation 
conditions and treatments are summarized in Table 1.  
 
Analytical methods 
Total nitrate was measured using the commercial colorimetric API Aquarium 
Pharmaceutical Nitrate NO3
- test kit; color intensity was measured using a 
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spectrophotometer at a wavelength of 545 nm. A standard curve was generated and used 
to determine nitrate concentrations in medium samples (algae were previously removed by 
centrifugation); 0- ve a linear colorimetric relationship to the NO3
- 
concentration.   
Total phosphate was determined using the colorimetric API Aquarium Pharmaceutical 
Phosphate PO4
3- test kit; color intensity was measured using spectrophotometer at 
wavelength of 690 nm. A standard curve was generated, 0-
linear colorimetric relationship to the PO4
3- concentration.  
Nile Red (Sigma, USA) working solution was prepared in dimethyl sulfoxide (DMSO) (250 
μg/mL) and vortexed vigorously until fully dissolved. A total of 2 µL of working solution was 
added to 1 mL of sample. Yellow-gold fluorescence was measured on a POLARstar 
OPTIMA (BMG Labtech) plate reader using fluorescence intensity mode. Gain was set at 
3000, with excitation and emission wavelengths of 485 nm and 590 nm. Visual analyses of 
Nile red-stained cells were carried out under a fluorescent Olympus BX61 microscope 
(excitation: 510-550 nm, emission: 590 nm).  
 
Fatty acid methyl ester analyses 
FAs were analysed by Gas Chromatography-Mass Spectrometry (GC/MS) by 
Metabolomics Australia at the University of Western Australia as described previously (22), 
with the exception that 5 mg DW of culture was used instead of 4 mL culture. Hydrolysis 
and methyl-esterification was performed as described previously. 
Statistical analysis 
Data was analysed using one-way analysis of variance (ANOVA). All significant 
differences (p<0.05) amongst cultures with and without addition of CO2 and harvesting 
times were determined using the Tukey HSD test. Single points were evaluated by mean 
difference t test. Statistical analysis was performed using SPSS Statistics software.  
 
Results  
 
Addition of CO2 significantly increases growth, total fatty acid and EPA 
productivities 
Enriching Nannochloropsis sp. cultures with CO2 significantly improved its growth (Table 2; 
Figure 1A). The additional availability of carbon allowed Nannochloropsis sp. to have a 
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significantly (p<0.05) higher growth rate (μ) and a lower doubling time. As shown in Figure 
1B the addition of carbon regulated the pH to 8.0, while control cultures increased their pH 
up to 10 after only 2 d of incubation.  
 
Table 2. Effect of CO2 injection on specific growth rate (µ) and doubling time (dt) of 
Nannochloropsis sp. BR2.  
Condition Growth rate 
(µ) 
Doubling time 
(dt) 
CO2 0.817 ± 0.020* 0.849 ± 0.021* 
No CO2 0.781 ± 0.041*        0.889 ± 0.048* 
Data represent mean values ±SD for three independently grown cultures. *Indicates 
statistical differences. 
The presence of carbon in the medium also generated a difference in the nitrogen and 
phosphate consumption. Figure 1C-D presents the nutrient drawn down for both sets of 
cultures. Nannochloropsis sp. BR2 consumed nitrogen faster when supplemented with 
CO2 (Figure 1C), inducing the FA accumulation phase one day earlier than cultures with 
no CO2 enrichment. Similarly to nitrogen, phosphorus medium depletion occurred 
statistically faster when cultures were CO2-supplemented (Figure 1D). 
TFA accumulation of Nannochloropsis sp. BR2 is presented in Figure 1E-F.  Statistical 
differences (p<0.05) were observed in %TFA/DW as well as in TFA productivity. FA 
accumulation increased after nutrient depletion, presenting at day 8 the highest %TFA with 
up to 48% and 37%TFA/DW for culture with and without addition of CO2, respectively. TFA 
productivity was highest at day 6 with 0.055 mg/mL/day TFA decreasing by day 8 to 0.048 
mg/mL/day when CO2 was added to cultures, while the highest productivity was achieved 
at day 8 with a maximum of 0.032 mg/L/day for cultures with no addition of CO2. 
 
The effect of CO2 enrichment in cultures on EPA production is presented in Figure 1G-I. 
On day 3 of the test, cultures supplemented with CO2 had significantly higher EPA. 
However, once nutrient starvation set in (day 4 onwards) %EPA/TFA decreased to levels 
lower than in the control cultures. When cultures became nutrient deplete, EPA 
significantly decreased as a percentage of TFA, but there was no significant change as a 
percentage of DW. This was because nutrient deprivation induced lipid accumulation in 
FAs other than EPA, primarily FAs 16:0 and 18:1(appendix 4 table 1). 
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Figure 1 Nannochloropsis sp. BR2 (A) optical density, (B) culture media pH, (C) nitrate, (D) phosphate, (E) percent total fatty acids of DW 
(F) total fatty acid productivity, (G) percent EPA of total fatty acids, (H) percent EPA of DW and (I) total EPA productivity in cultures CO2 
supplemented. Data represent mean values ±SD for three independently grown cultures.*Indicates statistical differences amongst 
treatments on a particular day. 
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Comparison of five treatments on biomass and EPA productivity 
 
The second test compared the effects of additional carbon as CO2 and NaHCO3, as well 
as pH control with HCl, low salinity and UV-C irradiation. Significant differences in growth 
(p<0.05) were found when carbon was added to the media as CO2 or NaHCO3 (Figure 
2A). As expected, when cultures were irradiated with UV-C, growth rates were significantly 
reduced (p<0.05) in comparison with other treatments (Table 3). Presence of CO2 or 
NaHCO3 in cultures significantly promoted growth rates (p<0.05), when compared with 
control culture, low salinity cultures or pH controlled.  
 
Nitrogen and phosphorus draw-down is presented in Figure 2B-C. Cultures exposed to 
UV-C light had lower nutrient absorption due to the damage caused by irradiation on 
normal cellular activities. No significant difference (p>0.05) was observed in the rate of 
nitrate uptake, except for cultures treated with UV-C. However, phosphate presented some 
statistical differences amongst treatments (p<0.05). Cultures with HCl pH control 
consumed significantly faster phosphate, followed by the untreated control and the 
addition of carbon as NaHCO3 and CO2. The slowest phosphate uptake was observed in 
UV-C irradiated cultures.  
 
Table 3. Nannochloropsis sp. BR2 growth rate (µ) and doubling time (dt) under different 
conditions.  
Treatments  Growth rate (µ) Doubling time (dt) 
Control 0.612 ± 0.003(ab) 1.132 ± 0.005(ab) 
UV-C 0.352 ± 0.004(c) 1.967 ± 0.022(c) 
5 ppt 0.638 ± 0.031(ab) 1.088 ± 0.054(ab) 
NaHCO3 0.658 ± 0.008
(a) 1.054 ± 0.012(a) 
CO2 0.644 ± 0.035
(a) 1.078 ± 0.061(a) 
HCl 0.585 ± 0.021(ab) 1.186 ± 0.044(ab) 
Data represent mean values ±SD for three independently grown cultures. Different letters 
indicate statistical differences amongst treatments. 
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Figure 2 Nannochloropsis sp. BR2 (A) optical density, (B) nitrate, (C) phosphate, (D) Nile red staining fluorescence units, (E) percent total 
fatty acids of DW, (F) percent EPA of total fatty acids, (G) percent EPA of DW, (H) total EPA productivity and (I) final dry weight at day 5. 
Data represent mean values ± SD for three independently grown cultures.*Indicates statistical differences amongst treatments on a 
particular day. Different letters represent significant differences amongst treatments. 
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Figure 2D presents a quantitative Nile red analysis of the cultures throughout the 
experiment. Interestingly, cultures with low salinity were found to have the most significant 
increase (p<0.05) followed by cultures exposed to UV-C light. The highest difference was 
observed when cultures were under nutrient deplete conditions, however the increase in 
the fluorescence for low salinity and UV-C-irradiated cultures was not reflected as an 
increase in the total fatty acids (Figure 2F). 
 
The effect of the different conditions on FA accumulation is presented in Figure 2E. TFA 
significantly (p<0.05) increased from day 2 to day 5, fully supporting nutrient deprivation as 
the key driver for FA accumulation (16). The presence of additional carbon (CO2 and 
NaHCO3) in the media also enhanced FA accumulation significantly (p<0.05), as the 
highest FA content was observed in cultures supplemented with CO2 compared with other 
conditions tested. The effect of UV-C radiation enhancing FA accumulation was observed 
on day 2 (24 h hours after exposure), however, by day 5 it had the lowest accumulation of 
FA and the lowest biomass.  
 
The percentage of EPA relative to TFA and DW is presented in Figure 2F-H. There were 
significant differences in the EPA content between samples collected under nutrient 
replete and deplete conditions. Cultures supplemented with CO2 had significantly (p<0.05) 
higher EPA contents, followed by NaHCO3-supplemented and pH-controlled cultures 
under nutrient replete conditions. Once cultures were nitrogen depleted, EPA content 
decreased relative to TFA and DW in most of the cultures. UV-C-irradiated cultures 
showed no significant change in EPA content as they were not nutrient depleted, due to 
reduced growth rates. 
 
Final DWs of cultures are presented in Figure 2H. Carbon addition, as CO2 and NaHCO3, 
along with HCl pH-controlled cultures presented significantly higher DW compared with the 
untreated control, low salinity and UV-C exposed cultures, consistently as observed in the 
final optical density values in Figure 5. 
 
Discussion  
Nannochloropsis species have been widely studied due to their potential for accumulation 
of several high-value products of nutritional importance, such as omega-3 FAs, vitamins 
and carotenoids. In this study, Nannochloropsis sp. BR2 was found to have the highest 
biomass and EPA productivity with carbon supplementation, either as CO2 or NaHCO3 
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(Table 1). This study complements findings from several studies with other algae. For 
example, Nitzchia inconspicua was reported to have higher growth when supplemented 
with 5% CO2 (24). Species of Chlorella reported a maximum increase on cell number up to 
9.98 x 106 cell/mL when CO2 was present, compared with a maximum 6.43 x 10
6 cell/mL 
obtained with no extra addition of carbon (25). Those results demonstrated that amongst 
conditions tested, carbon availability is often a limiting factor. Clearly, having sufficient 
carbon available is important for optimal growth and rapid nutrient consumption, resulting 
in high cell densities and a higher accumulation of bioproducts such as FAs.  
 
FA profiles are dependent on carbon sources, nutrient concentrations and species 
specificity (5). This study presented changes to the FA profiles and a significant increase 
in TFA once nitrogen was depleted from the medium. This was largely due to 
accumulation of 16:0 and 18:1 (appendix 4). These findings are supported by studies on 
Chlamydomonas acidophyla, which presented changes on each FA content according to 
growth stage as well as the carbon source added (5). Additionally, these changes in the 
fatty acid profile can occur due to changes in the relative abundance of different lipids 
species particularly TAGs vs membrane lipids during N-deprivation (1). EPA synthesis has 
been related to cell growth due to its importance in structural functions (26). Production 
and accumulation of EPA was highest under nutrient replete conditions. Due to 
accumulation of other types of FAs once nutrients are depleted, the EPA content 
significantly decreased in relation to TFA. There was no significant change in EPA/DW in 
the first experiment, in the second experiment there was a non-significant trend for a 
decrease in EPA/DW with nutrient depletion in the control and 5 ppt culture, while other 
treatments did have significant differences in EPA/DW after nitrogen deprivation. This 
highlights that nutrient deprivation is not a suitable strategy for improving production of 
EPA in Nannochloropsis.   
 
This study found that adding carbon as CO2 into the culture media produced the highest 
EPA ratios under nutrient replete conditions, correlating as reported by Pal et al. (2011). 
Similarly, Hu and Gao (2006) found that under elevated CO2 concentrations, EPA ratios in 
Nannochloropsis sp. increased up to 27-29% TFA at a salinity of 22 ppt under after 10 
days of cultivation (27). Low salinity levels have demonstrated an increase in biomass of 
Nannochloropsis sp. (28). Studies evaluating the effect of salt concentration on 
Nannochloropsis sp. cultures, found that at a low salinity of 13 ppt and low light (700 μmol 
photons/m2.s) the EPA content increased to 26.7% after two days of cultivation, but it 
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decreased after 7 days. However, an increase on the volumetric EPA content was found 
with the increment of cell concentration (15). Although Nannochloropsis is usually 
considered a marine species, prior experiments found optimal growth at salinities between 
5 and 25 ppt (21, 22), probably because strain BR2 was originally collected from the 
brackish Brisbane River that undergoes considerable salinity changes. However, the low 
salinity treatment in this experiment (5 ppt), did not result in significantly improved growth 
or lipid accumulation compared to the control. But the Nile red fluorescence was 
significantly higher than for all other treatments. This increased fluorescence may have 
been due to improved penetration of the stain in cells grown at lower salinity compared to 
those grown in higher salinities. 
 
Irradiation of cultures with UV-A light has been reported to increase on the total FA 
accumulation (11). The current study used UV-C but supported the literature in that 
FA/DW was the highest in the UV-C- irradiated culture at 24 h after exposure to UV-C. 
However, biomass production was dramatically attenuated and EPA content decreased 
relative to DW and TFA. UV-C can be used as a fast FA inductor under nutrient replete 
conditions in Nannochloropsis sp. BR2, but it is not recommended for stimulating the 
specific production of EPA. 
 
The most surprising result of this study was that cultures with HCl pH control had similar 
biomass and FA productivity as cultures with additional carbon (CO2 or NaHCO3). This 
may be explained by the form that the inorganic carbon is present in water. When CO2 is 
dissolved in water there is a pH-dependent equilibrium between CO2, bicarbonate (HCO3
-) 
and carbonate (CO3
2-). Above pH 8.5 the equilibrium is predominantly towards HCO3
-, and 
CO3
2- and CO2 must be actively obtained by carbon-concentrating mechanisms (CCMs) in 
the cells which dehydrate HCO3
- into usable CO2 (28). In the HCl pH-controlled treatment, 
the low level of atmospheric CO2 being bubbled into the media would be more readily 
available for use than for cultures at a pH of 10 which have to actively dehydrate all the 
incoming atmospheric CO2. The cultures supplemented with NaHCO3 also increased to a 
pH above 10 after 2 d of growth, yet there was no significant difference in biomass and 
lipid productivity compared to the CO2 supplemented/pH controlled treatment (Table 3, 
Figure 7). This is possibly explained by the high concentration of NaHCO3 which allows 
CCMs to work more efficiently.  
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The allocation of carbon into structural lipids (e.g. membranes) can remain constant when 
the pH is stable. Spilling (2013) mentioned that when increasing the pH to high levels 
(10.0) there is a reduction on the structural lipids production. Consequently, controlling pH 
in cultivation could be used to refine fatty acid composition in algal biomass (11).  
 
The pH was demonstrated to have an important effect for FA accumulation, by bubbling 
CO2 into the culture media or by controlling it with addition of HCl at desired levels pH 8.0. 
Cultures without supplementation of CO2 reached a maximum pH values of up to 10.0 
(Figure 1b), which decreased the CO2 dissolution. Reducing carbon availability and the 
access to easily accessed carbon uptake, resulted in lower levels of biomass and FA 
contents. When the amount of CO2 dissolved was reduced by increasing alkalinity, the 
balance of carbon changes towards bicarbonate (HCO3
-) and carbonate (CO3
2-), causing 
in some cases carbon limitation (11). Shifts on pH might also be responsible for alteration 
of PUFA synthesis. However, it can also be dependent on species specificity, as in the 
case of Chlamydomonas acidophila, which develops and grows in media with pH 2.7, 
where growth and fatty acid content were enhanced by low concentrations of CO2 under 
mixotrophic conditions (5). The pH can also affect the enzymatic activities participating in 
the unsaturation and elongation of FA chains. Hence, the content of FAs, such as EPA 
and other PUFAs can consequently be changed. A study presented by Sang et al. (2012), 
demonstrated a diminution on the content of EPA and PUFAs from 6.57% and 38.7% to 
4.0% and 22.8%, respectively, when the initial culture pH of P. pyrenoidosus was 
increased from 6.0 to 8.0 (9). Interaction of external condition such as sufficient nutrients 
availability (C, N, P), appropriate pH level and optimal salinity are important for maximum 
microalgal growth and therefore high accumulation of PUFAs such as EPA as it is an 
important structural compound for cellular division.  
 
In summary, the current study showed that high cell growth and high FA and EPA 
accumulation in Nannochloropsis sp. can be achieved when: salinity levels are at 25 ppt, 
cultures are supplemented with a carbon source (CO2 or NaHCO3), f/2 medium is 
phosphate enriched and pH is maintained stably at levels around 8.0. We conclude that 
rapid biomass productivity during exponential growth can be more important than 
additional stimulants when aiming at maximal EPA productivity. Although this still needs to 
be confirmed for large-scale cultivation systems, this practice may simplify commercial 
EPA production from Nannochloropsis sp.   
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4. CHAPTER FOUR 
 
Introduction  
Understanding the genetic and metabolic mechanism underlying the synthesis of EPA and 
LC-PUFA is a step forward to possible increases of the specific fatty acid content in 
microalgal species. Although Nannochloropsis sp. is the current strain with highest EPA 
content amongst the algae collection, Tetraselmis sp. strain M8 has served as a fast-
growing oleaginous laboratory model strain whose transcriptome was concurrently 
sequenced by my colleague David KY Lim (see Appendix 5, transcripts paper draft), 
Evaluation of gene expression for enzymes involved in LC-PUFA biosynthesis as well as 
the fatty acid profiles under different salinity media levels was performed. 
 
Effect of salinity on long chain fatty acids synthesis and associated gene 
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Abstract 
 
With depletion of global fish stocks, caused by high demand and effective fishing 
techniques, alternative sources for long chain omega-3 fatty acids are required for human 
nutrition and aquaculture feeds. Recent research has focused on land-based cultivation of 
microalgae, the primary producers of omega-3 fatty acids in the marine food web. The 
effect of salinity on fatty acids and related gene expression was studied in the model 
marine microalga Tetraselmis sp. M8. Correlations were found for specific fatty acid 
biosynthesis and gene expression according to salinity and growth phase. Low salinity was 
found to increase the conversion of C18:4 stearidonic acid (SDA) to C20:4 
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eicosatetraenoic acid (ETA) correlating with increased transcript abundance of the Δ-6-
elongase-encoding gene in salinities of 5 and 10 parts per thousand (ppt) compared to 
higher salinity levels. Expression of the gene encoding β-ketoactyl-coenzyme was also 
found to increase at lower salinities during nutrient deprivation phase (day 4), but 
decreased with further nutrient stress. Nutrient deprivation also triggered fatty acids 
synthesis at all salinities and C20:5 eicosapentanoic acid (EPA) increased relative to total 
fatty acids with nutrient starvation achieving a maximum of 7% EPA at day 6 at a salinity 
40 ppt.  
 
Key words: Nutrients, EPA, fatty acids, omega-3, gene expression. 
 
Introduction 
 
Long-chain polyunsaturated fatty acids (LC-PUFA), such as eicosapentaenoic acid (EPA), 
eicosatetraenoic acid (ETA), docosahexaenoic acid (DHA) which are omega-3 fatty acids 
and arachidonic acid (ARA) an omega-6 fatty acid, provide significant health benefits, 
including a  reduced risk of hypertension, cardiac arrhythmia, myocardial infarction, and 
thrombosis [1]. LC-PUFAs have also been found to have positive effects on brain function 
[2], and healthy development of the fetal brain [3]. LC-PUFAs have primarily been 
extracted from small fatty marine fish, a limited resource which hit peak production in the 
mid-1990s [4]. Concerns about the sustainability of LC-PUFA sources have increased, 
shifting research towards different sources such as other marine organisms, transgenic 
plants, and fungi.  Interest on the sustainability of the omega-3 sources has moved efforts 
towards land-based production, including farmed fish, genetically modified plants, 
regulated krill catches and large-scale production of microalgae [4].  
 
Microalgae are considered a viable and sustainable source of LC-PUFA, including omega-
3 fatty acids as microalgae are the main primary producers globally of long chain PUFA. 
They have important advantages for commercial production over transgenic plants or 
fungi [5], including high areal productivity. They can also be grown on non-potable water 
and on non-arable land [6,7]. Microalgae have natural adaptation capacity in diverse and 
even adverse environmental conditions. Some survival mechanisms include changing 
their chemical composition such as modifying cellular fatty acid content to protect 
themselves from osmotic stress during rapid salinity changes, that may occur in natural 
environments such as coastal rock pools [8-14]. The response to environmental stress of 
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an altered salinity can lead to cessation or slowing of algal growth and biomass 
accumulation, shifting photosynthetic energy towards the accumulation of chemical energy 
in the form of fatty acids (FA) or starch [10,15-17]. Marine species like Nannochloropsis 
sp. [18] and Dunaliella sp. [19] can achieve a total lipid content of up to 47% and 60% of 
dry weight (DW) respectively, by modifying the light intensity, temperature and salinity 
during cultivation. Similarly, Phaeodactylum tricornutum was induced to enhance lipid 
content from 83.8 mg/g to 108.0 mg/g DW once salinity of the medium had been altered 
[17]. The response of microalgae to salinity stress is species-specific [20] and probably 
even strain-specific. Therefore it is essential to investigate the effect of salinity on algal 
growth and omega-3 production in microalgal strains with commercial potential. 
 
 
Figure 1. Biosynthesis of LC-PUFA’s via conventional pathway. LA 18:2 (Linoleic acid), GLA 
18:3 (γ-linoleic acid), EDA 20:2 (Eicosadienoic acid), DGLA 20:3 (Homo-γ-linoleic acid), ARA 20:4 
(Arachidonic acid), DTA 22:4 (Docosatetraenoic acid), DPA 22:5 (Docosapentaenoic acid), ALA 
18:3 (α-Linoleic acid), STA 18:4 (Stearidonic acid), ERA 20:3 (Eicosatrienoic acid), ETA 20:4 
(Eicosatetraenoic acid), EPA 20:5 (Eicosapentaenoic acid), DHA 22:6 (Docohexahenoic acid). 
 
Research on microalgal metabolic pathways has led to a better understanding of the 
mechanism for FA synthesis. Genes encoding enzymes involved in particular steps of FA 
synthesis have been sequenced and studied in diverse microalgal species. The traditional 
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pathway for synthesis of LC-PUFAs is presented in Figure 1. Most enzymes involved in 
the final steps of LC-PUFA biosynthesis and derivatization can either use omega-3 or 
omega-6 FAs as substrates. This pathway has been identified in animals, plants and 
microorganisms [21]. 
 
Synthesis of LC-PUFAs is largely regulated by a series of enzymes that can be classified 
in two groups: desaturases and elongases. The desaturases are a special group of 
oxygenases capable of removing hydrogen from a carbon chain, thus catalyzing the 
formation of double bonds. Those enzymes use activated molecular oxygen to remove 
hydrogens from the carbon chain creating a carbon/carbon double bond in the FA chain 
and a molecule of water [22]. The second enzymatic group involved in the synthesis of LC-
PUFAs is responsible for increasing the length of the carbon chain and includes elongases 
[21]. To date, three types of elongases participating in the synthesis of PUFAs have been 
characterized: Δ6-elongase, Δ5-elongase and Δ9-elongase, each of these enzymes is 
substrate-specific. The elongation/desaturation reactions for LC-PUFA synthesis occur in 
two main pathways (Figure 1): the Δ-6 desaturase/elongase and the 
Δ9elongase/Δ8elongase; both use either linoleic acid (LA) for omega-6 FA or α-linoleic 
acid (ALA) for omega-3 FAs to make unsaturated fatty acid chains of 20 or more carbons 
[22].  
 
In addition to the previously mentioned enzymes, there is another group of enzymes that 
can perform the elongation in the FA chain. They are known as microsomal FA elongation 
complex. These enzymes mainly participate in elongation of saturated or monounsaturated 
FA chains through four consecutive reactions of condensation, reduction, dehydration and 
a second reduction [23]. The first enzyme of the complex is the β-ketoactyl-coenzyme 
(BKAS), which catalyzes the condensation of the acyl-CoA chain with malonyl-CoA. The 
additional three enzymes of the complex are 3-ketoacyl-CoA reductase, 3-hydroxyacyl-
CoA dehydratase and enoyl-CoA reductase, which have been studied and characterized in 
yeast and Arabidopsis thaliana [23].  
 
Tetraselmis species are green marine microalgae (Chlorophyta) commonly used in 
aquaculture because of their nutritional value [24]. A number of species have been used 
as model organisms for physiological and biochemical studies, as well as for survival and 
adaptation mechanisms to diverse conditions such as different salinities. Studies on salt 
tolerance and osmotic regulation have demonstrated that salinity provokes physiological 
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changes, inducing several Na+-ATPase plasma membrane proteins in Tetraselmis viridis 
at high salinity [25]. Research on membrane pumps regulating the ionic flux in Tetraselmis 
viridis has shown that they are strongly involved in cytosolic homeostasis [26]. Studies on 
the expression of BKAS have found an increase of gene expression in the green alga 
Dunaliella salina as a result of salinity shifts from 0.5 to 3.5 M: this corresponded with an 
increased proportion of longer chain FAs in cell membranes [27]. Bioinformatics analyses 
decoding the microalgal genome have accelerated the identification of genes participating 
in the synthesis of molecules involved in microalgal survival mechanisms, such as 
osmoregulation proteins as well as FA synthesis [27-30]. Identification of long chain 
desaturases has given researchers the ability to characterize and study their function in 
other organisms such as yeast and plants [31-33]. Understanding FA synthesis in 
Tetraselmis sp. represents an important step towards production of better nutritional 
quality microalgal strains for aquaculture in protein as well as FA content and profile, 
including EPA and ARA. Little is known about the gene expression involved in the FA 
synthesis of Tetraselmis sp. as the salinity of culture media changes. Therefore, the aim of 
this study was to profile FAs at various salinity levels in the marine microalga Tetraselmis 
sp. and evaluate the expression of genes involved in the FA pathway and osmotic balance 
for the synthesis of ETA and EPA. 
Methods  
Algae culture and cultivation conditions 
Tetraselmis sp. (strain M8) was isolated from the south-east coast of Queensland, 
Australia (26°39’39’’S 153°6’18’’E) and stored in the culture collection of the Algae 
Biotechnology Laboratory at The University of Queensland (www.algaebiotech.org). Prior 
to the experiment, the algal strain was pre-adapted in f/2 silicate free medium (Guillard and 
Ryther, 1962) that was phosphate enriched (100 M), with the salinities to be tested using 
artificial sea water (Acuasonic Ocean-Nature sea salt). Culture in logarithmic phase was 
used as inoculum, inoculation concentration varied slightly depending on starter culture 
optical densities. Approximately of 20 mL of each pre-adapted algal stock culture were 
transferred to 180 mL of enriched f/2 medium in a 250 mL Erlenmeyer conical flask with 
artificial salty water adjusted to 5, 10, 30, 40 and 50 parts per thousand (ppt) using three 
independently grown cultures. Salinity was determined using a Reed TDS salinity 
conductivity meter. Cultures were incubated at 25°C under a 16/8 hours light/dark cycle 
(90 µmol/m2/s fluorescent white lights 4000K) regime with constant bubbling. Optical 
density (OD) 440 nm measurements were performed daily to monitor the growth rate. 
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Nitrogen and phosphorus contents were determined from day 0 until nutrient depletion. 
Samples for FA profiling and RNA extraction were collected on day 2 (nutrient replete, 
nutrients present in medium), day 4 (nutrient deplete recently totally consumed nutrients) 
and day 6 (nutrient starved, no nutrient in medium for few days). 
 
Culture media nutrient analysis 
Total nitrate was measured using the commercial colorimetric API Aquarium 
Pharmaceutical Nitrate NO3
- test kit; color intensity was measured using a 
spectrophotometer at a wavelength of 545 nm. A standard curve was generated and used 
to determine nitrate concentrations in medium samples (algae were previously removed by 
centrifugation); 0-300 M was found to have a linear colorimetric relationship to the NO3
- 
concentration. Total phosphate was determined using the colorimetric API Aquarium 
Pharmaceutical Phosphate PO4
3- test kit; color intensity was measured using a 
spectrophotometer at a wavelength of 690 nm. A standard curve was generated, 0-60 M 
was found to have a linear colorimetric relationship to the PO4
3- concentration.  
 
Fatty acid analysis 
Fatty acids were quantified by Gas Chromatography-Mass Spectrometry (GC/MS) by 
Metabolomics Australia at the University of Western Australia as described previously [33], 
with the exception that 5 mg of biomass was used instead of 2 mL culture. Hydrolysis and 
methyl-esterification was performed as described previously [34]. 
 
Total RNA extraction and cDNA synthesis 
Total RNA from microalgal biomass was extracted using the SV Total RNA Isolation 
System (Promega, Madison, WI, USA) using centrifugal pellets obtained from 15 mL of 
cultures. RNA concentrations were measured with a Qubit® 2.0 Fluorometer (Invitrogen, 
Carlsbad, CA, USA). One microgram of total RNA was used for cDNA synthesis using the 
Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) for quantitative 
reverse transcriptase PCR following the manufacturer’s instructions.     
 
Real-time quantitative reverse transcriptase PCR 
Primers used for real-time quantitative reverse transcriptase PCR (qRT-PCR) were 
designed using Primer Express software (Applied Biosystems, Foster city, CA, USA), 
based on a recently generated draft transcriptome of Tetraselmis sp. by the Algae 
Biotechnology Laboratory at The University of Queensland, Australia (transcriptome data 
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will be published elsewhere). Primers were designed in conserved regions to cover the 
majority of gene family members. Each reaction was performed in a final volume of 10 µL 
and contained 1 µL of the cDNA (1:4 diluted), 1 µL of each primer (1 µM), 5 µL SYBR 
Green using the 7900 HT Fast Real-time PCR system (Applied Biosystems, Foster City, 
CA, USA). Tetraselmis sp. M8 transcript levels were normalized to the expression of β-
ACTIN. Thermal cycling conditions consisted of 10 min at 95°C and 45 cycles of 15 s at 
95°C and 1 min at 60°C prior to 2 min at 25°C. 
 
Table 1. List of genes and primers used for qRT-PCR. 
Genes Primers 
Beta-Keto acyl synthase (BKAS)  
 
5’-CAGGCCTTCGAGCATTTCTG-3’ 
3’-GCGTCATATCAGGCGACAGC-5’ 
Delta-5-desaturase (Δ5D)  
 
5’-TGGACGTTGGACATTGTAGGC-3’ 
3’-CATTGTCATGCAGATTTGTGTACG-5’ 
Delta-6-elongase (Δ6E)  
 
5’-CACCTACTACCTGCTTGCTGCC-3’ 
3’-CTGGAACATTGTCAGGTAATGCC-5’ 
Acyl-CoA-synthase (ACSase)  5’-CACGTTGCTGTGCTTAATCTGC-3’ 
3’-CGAGTGCAACCCTGAGGATATG-5’ 
Delta-5-elongase (Δ5E)  5’-TGAGGAAATGGTGCCAGCAG-3’ 
3’-ACAAGTTCATCGAGTACCTCGACAC-5’ 
Glycerol-3-phosphate dehydrogenase 
(D3PDH)  
5’-TCGTACCGCATCCACAAAGG-3’ 
3’-GCTAAGGTGAAAGACAACGAGTCC-5’ 
Glucose-6-phosphate isomerase (G6Pi)  5’-GGGACAGCAGGTTATTGTGGAC-3’ 
3’-TGCGCACCTTATCGGAGAAG-5’ 
Sodium ATPase (PyKPA)  
 
5’-AAGGAAGCTGCGGATATGATTCTC-3’ 
3’-TCAAGTTGTCAAAAATCAGACGACC-5’ 
Phosphate transporter (PHO) 5’-GACTTGGCACCCTTGAAGATAATG-3’ 
3’-CTTACGCTCGCTCTTGGTGG-5’ 
3-ketoacyl-ACP reductase (KAR) 5’-CGGAGGAGATGTTAATGATGCG-3' 
3’-ATCAACCTCACCGGCGTCTT-5’ 
Delta-8-desaturase (Δ8D) 5’-GTCCGTAAAGGCTCCACTTCG-3’ 
3’-GTATTTGACAAGACCACGCAGTTG-5’ 
Enoyl-ACP reductase (ENR) 5’-CTCCTTGACCTCAGTTGGGACA-3’ 
3’-CTCAAACGGGTCCTTAATGGAGT-5’ 
Phosphatidic acid phosphatase (PP) 5’-TGTGGTCGGAGATCACATACGATA-3’ 
3’-CAGTAGAGCGAGAACGACACCAG-5’ 
Delta-9-desaturase (Δ9D) 5’-GATATGAAAGCGTATGCCGAG-3’ 
3’-GTAGCTCTAGCCGCCCCCTT-5’ 
Diacyl glycerol acyl transferase (DGAT) 5’-ATCAGAGGAACCTGTCCCATCA-3’ 
3’-CTGCCATTTTTCACGAGCTAATG-5’ 
Beta-actin  5’-GCCTCAGAATCCCAAGACCAA-3’ 
3’-GGCCTGGATCTGAACGTACATG-5’ 
 
Statistical analyses 
The analysis of variance (ANOVA) was performed using Statistical Package for the Social 
Sciences (SPSS). All significant differences (p<0.05) amongst values obtained for different 
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salinities and harvesting times were determined using the Tukey HSD test. Redundancy 
analysis (RDA) was performed using the package vegan implemented in R 3.0.2 [35]. 
 
Results  
This study evaluated the effect of different salinity levels (5 to 50 ppt) on pre-adapted 
cultures of Tetraselmis sp. M8. Cell density, nutrient consumptions, fatty acid profiling and 
expression differences for genes involved in FA synthesis were profiled over 6 days after 
initial culture inoculation to determine the effect of salinity. This time period includes there 
growth phases: day 0-2 (nutrient replete), day 3-4 (nutrient deplete) and day 5-6 (nutrient 
starved). As shown in Figure 2, salinity had a significant effect (p<0.05) on the final (day 6) 
on cell density and growth rates (Table 2). Significant reduction in the final biomass 
(p<0.05) was observed in high salinity cultures of 50 ppt, as well as in cultures grown at 
low salinities of 5 and 10 ppt. Cultures grown at 40 and 50 ppt, however, presented the 
highest growth rates measured during nutrient replete conditions. 
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Figure 2. Optical density (440 nm) for Tetraselmis sp. cultivated at different salinities. Data 
represent mean values ±SDs for three independently grown cultures. Alphabets represent 
significant differences amongst salinities (p<0.05).   
 
Different salinity levels also had an effect on the nitrogen and phosphate consumption. 
Figure 3 presents the nutrient drawn down in Tetraselmis sp. M8 cultures.  Statistically 
significant differences were found in the uptake of nitrogen and phosphorus (p<0.05). 
Cultures at 5 ppt were the slowest in nutrient consumption. The fastest use of nutrients 
was found in culture grown at a salinity of 30 ppt (p<0.05). Although cultures presented 
differences in nutrient consumption, all reached considerable N depletion within 2 days. 
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Table 2. Specific growth rate (µ) and doubling time (dt), of Tetraselmis sp. cultures at 
different salinities.  
Salinity (ppt) Growth rate (µ)  
 
 Doubling time (dt) 
 
5 0.414 ± 0.049 1.689 ± 0.207 
10 0.487 ± 0.087  1.457 ± 0.287 
30 0.532 ± 0.016 1.303 ± 0.038 
40 0.695 ± 0.064* 1.003 ± 0.088 
50 0.644 ± 0.063*  1.083 ± 0.105 
Data represent mean values ±SDs for three independently grown cultures. *Indicates 
statistically significant differences (p<0.05). 
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Figure 3. Nutrient draw down for different salinities in Tetraselmis sp. A) Nitrate. B) 
Phosphate. Data represent mean values ±SDs for three independently grown cultures. 
Letters represent statistically significant differences amongst salinities (p<0.05).  
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Furthermore, the expression of fifteen genes involved in FA synthesis was analysed in 
Tetraselmis sp. cultivated at salinities of 5 to 50 ppt and under different nutritional 
conditions. Four genes, encoding BKAS, Δ5D, Δ6E and ACSace, were differentially 
expressed according to salinity and nutrient stress, these are presented in Figures 4 and 
5. Data of the remaining eleven genes are presented in appendix 6. The gene BKAS 
encodes an enzyme involved in the elongation of long-chain FAs by adding two carbons to 
the FA chain; its expression was significantly (p<0.05) induced by nutrient deprivation 
(Figure 4A). On day 4 transcript levels were highest in low to medium salinities 5, 10 and 
30 ppt, and on day 6 the expression was highest in medium to high salinities 30, 40 and 50 
ppt. The enzyme Δ5D (Figure 1) catalyzes the desaturation of C20:3 to C20:4 and of 
C20:4 to C20:5 in the omega-6 and omega-3 pathways, respectively. Expression of the 
gene encoding Δ5D (Figure 4B) increased with progression of nutrient stress in all 
salinities. The upregulation of this gene correlates with EPA levels (Table 3). A consistent 
increase in % EPA was measured in cultures with nutrient depletion through to nutrient 
starvation. The expression of the ACSase-encoding gene in cultures with different 
salinities is presented in Figure 4C. Expression increased at all salinities with nutrient 
depletion (day 4) and then decreased with nutrient starvation (day 6).  
The expression of the Δ6E-encoding gene and its relation to FA synthesis on day 4 is 
presented in Figure 5. A salinity of 5 ppt led to the highest expression of this gene 
(p<0.05), which also corresponds to increased efficiency for converting C18:4 to C20:4 
(Figure 5B). There was a strong trend of increasing C18:4 and a moderate trend of 
decreasing C20:4 with increasing salinity. This corresponds to the trend of decreasing 
expression of the Δ6E-encoding Tetraselmis gene with increasing salinity.   
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Figure 4. Expression profiles for three LC-PUFA biosynthesis genes in Tetraselmis sp. (A) 
BKAS, B) Δ5D and C) ACSase) under the influence of different  of salinities (5 ppt-50 ppt) 
and nutrient stress (day 2 nutrient replete, day 4 nutrient deplete, day 6 nutrient starved). 
Transcript abundances are shown relative to BETA-ACTIN (RTA) measured by qRT-PCR 
from three independently grown cultures. Data represent mean values ±SDs. Letters 
represent statistically significant differences (p<0.05).  
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Figure 5. Tetraselmis sp. cultivated at different salinities on day 4 after inoculation. A) 
Expression profile for Δ-6-elongase-encoding gene. B) Fatty acids C18:4 and C20:4 as a 
percentage of total FA. Data represent mean values ±SDs from three independently grown 
cultures. Letters represent statistically significant differences amongst salinities (p<0.05). 
 
Fatty acid profiles for Tetraselmis sp. are shown in Table 3. The most abundant FAs were 
C16:0, C16:4, C18:3 (ALA), accounting for more than 50 % of total FA. The percentage of 
C16:0 increased in all salinities with a corresponding decrease in C18:3 (ALA) as nutrient 
stress progressed. There was no significant difference in the percentage of C20:5 (EPA) 
amongst the different salinities. There was however a significant increase (p<0.05) in EPA 
contents with nutrient stress, most notably at salinity 40 ppt. C20:4 (ETA) showed 
statistically higher accumulation at low salinities (5 and 10 ppt) and with nutrient starvation 
(day 6) for all salinities.   
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Table 3  Fatty acid profile (%TFA) of Tetraselmis sp. cultivated at different salinities (5 ppt. 10 ppt, 30 ppt, 40 ppt and 50 ppt), under nutrient 
stress (day 2 nutrient replete, day 4 nutrient deplete, day 6 nutrient starved.  Data represent mean ± SD for three independent replicates. (-)  
undetected fatty acid 
 
SALINITY 
FATTY 
ACIDS 
5 ppt 10 ppt 30 ppt 
2 4 6 2 4 6 2 4 6 
C12:0 
C14:0 
C14:1 
C16:0 
C16:1 
C16:3 
C16:4 
C18:0 
C18:1 
C18:2 
C18:3 (GLA) 
C18:3 (ALA) 
C18:4 
C20:0 
C20:1 
C20:2 
C20:3 
C20:4 
C20:5 
SFA 
MUFA 
PUFA 
ω-3 
0.19 ± 0.07 
0.38 ± 0.02 
1.22 ± 0.01 
19.38 ± 0.01 
1.56 ± 0.11 
6.51 ± 0.55 
16.54 ± 0.53 
- 
10.29 ± 0.38 
13.86 ± 1.40 
0.61 ± 0.03 
17.39 ± 1.31 
2.26 ± 0.31 
- 
1.67 ± 0.18 
0.19 ± 0.26 
0.14 ± 0.09 
2.12 ± 0.16 
5.04 ± 0.11 
19.96 ± 0.06 
14.74 ± 0.31 
64.66 ± 0.32 
26.811.35 
0.23 ± 0.39 
0.15 ± 0.27 
0.76 ± 0.10 
21.22 ± 1.95 
1.31 ± 0.13 
6.80 ± 0.77 
17.37 ± 4.48 
- 
11.94 ± 3.63 
15.15 ±0.88 
0.39 ± 0.10 
14.35 ± 1.37 
1.64 ± 0.37 
- 
1.12 ± 0.21 
0.33 ± 0.07 
- 
2.15 ± 0.26 
5.06 ± 0.36 
21.60 ± 2.59 
15.12 ± 3.98 
63.25 ± 6.52 
23.21 ± 1.66 
0.26 ±0.40 
0.32 ± 0.30 
0.72 ± 0.09 
22.79 ± 1.36 
2.20 ± 1.29 
5.89 ± 0.76 
13.80 ± 3.49 
- 
16.25 ± 2.80 
14.39 ± 0.62 
0.79 ± 0.09 
11.25 ± 0.79 
1.41 ± 0.21 
- 
1.38 ± 0.27 
0.27 ± 0.24 
- 
2.75 ± 0.24 
5.49 ± 0.32 
23.37 ± 2.03 
20.55 ± 3.62 
56.04 ± 5.09 
20.89 ± 0.79 
0.11 ± 0.05 
0.30 ± 0.01 
1.45 ± 0.05 
18.14 ± 0.10 
3.63 ± 0.27 
5.69 ± 0.18 
17.82 ± 0.01 
- 
7.54 ± 0.12 
13.07 ± 0.27 
0.51 ± 0.01 
18.76 ± 0.12 
4.04 ± 0.18 
0.46 ± 0.65 
1.30 ± 0.03 
0.18 ± 0.25 
0.10 ± 0.02 
1.63 ± 0.02 
4.91 ± 0.04 
19.01 ± 0.79 
13.93 ± 0.23 
66.71 ± 0.07 
29.34 ± 0.25 
0.11 ± 0.09 
0.23 ± 0.01 
1.11 ± 0.10 
21.81 ± 0.58 
1.90 ± 0.07 
5.58 ± 0.12 
15.02 ± 0.50 
- 
11.87 ± 0.78 
15.55 ± 0.18 
0.631±0.040 
14.219±0.572 
2.99 ± 0.29 
- 
1.21 ± 0.03 
0.24 ± 0.03 
- 
1.92 ± 0.04 
5.61 ± 0.10 
22.15 ± 0.48 
16.10 ± 0.66 
61.76 ± 1.10 
24.73 ± 0.87 
0.08 ± 0.09 
0.19 ± 0.09 
0.77± 0.16 
22.73 ± 0.52 
1.627 ± 0.22 
4.73 ± 0.33 
16.42 ± 1.61 
- 
13.30 ± 0.65 
14.34 ± 0.19 
0.81 ± 0.08 
12.44 ± 0.37 
2.58 ± 0.21 
- 
1.12 ±0.12 
0.31 ± 0.05 
- 
2.20 ± 0.06 
6.13 ± 0.09 
23.00 ± 0.53 
16.82 ± 0.96 
59.97 ± 1.48 
23.35 ± 0.65 
0.15 ± 0.10 
0.23 ± 0.17 
1.67 ± 0.08 
19.37 ± 0.90 
4.71 ± 0.76 
4.33 ± 0.37 
19.01 ± 1.51 
- 
7.15 ± 0.79 
11.37 ± 0.43 
0.30 ± 0.18 
18.77 ± 0.10 
4.84 ± 0.17 
- 
2.02 ± 0.26 
0.15 ± 0.14 
0.06 ± 0.10 
0.94 ± 0.30 
4.02 ± 0.43 
19.76 ± 0.70 
15.56 ± 0.44 
63.68 ± 0.24 
28.57 ± 0.79 
- 
0.14 ± 0.04 
1.27 ±0.23 
22.15 ± 1.24 
2.36 ± 0.30 
4.25 ± 0.09 
17.51 ± 1.36 
- 
10.49 ± 0.38 
13.43 ± 0.46 
0.47 ± 0.05 
15.15 ± 0.52 
4.08 ± 0.08 
- 
1.64 ± 0.12 
0.29 ± 0.03 
- 
1.18 ± 0.16 
5.01 ± 0.69 
22.29 ± 1.26 
15.77 ± 0.61 
61.38 ± 2.00 
25.43 ± 1.14 
0.01 ± 0.01 
0.17 ± 0.05 
1.01 ± 0.16 
23.29 ± 1.00 
1.96 ± 0.32 
3.44 ± 0.18 
17.16 ± 1.57 
- 
12.11 ± 0.32 
12.81 ± 0.57 
0.74 ± 0.06 
13.99 ± 0.40 
3.62 ± 0.05 
- 
1.50 ± 0.05 
0.21 ± 0.18 
- 
1.65 ± 0.12 
6.10 ± 0.49 
23.46 ± 1.01 
16.58 ± 0.71 
59.74 ± 1.53 
25.37 ± 0.73 
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Data represent mean values ±SDs for three independently grown cultures. (-)  undetected fatty acid. Total amounts of FAs are shown in 
Appendix 8. 
SALINITY 
FATTY 
ACIDS 
40 ppt 50 ppt 
2 4 6 2 4 6 
C12:0 
C14:0 
C14:1 
C16:0 
C16:1 
C16:3 
C16:4 
C18:0 
C18:1 
C18:2 
C18:3 (GLA) 
C18:3 (ALA) 
C18:4 
C20:0 
C20:1 
C20:2 
C20:3 
C20:4 
C20:5 
SFA 
MUFA 
PUFA 
ω-3 
0.06 ± 0.02 
0.19 ± 0.06 
1.66 ± 0.06 
18.38 ± 0.30 
4.26 ± 0.80 
4.24 ± 0.25 
19.37 ± 0.17 
- 
6.36± 0.18 
10.90 ± 0.45 
0.32 ± 0.05 
20.53 ± 0.30 
5.41 ± 0.33 
- 
2.08 ± 0.26 
0.21 ± 0.06 
- 
1.06 ± 0.04 
4.44 ± 0.15 
16.64 ± 0.24 
14.35 ± 0.56 
66.49 ± 0.41 
31.44 ± 0.22 
- 
0.11 ± 0.1 
1.00 ± 0.48 
19.44 ± 1.88 
2.06 ± 0.80 
4.70 ± 0.16 
22.26 ± 9.65 
- 
7.92 ± 3.44 
13.20 ± 1.37 
0.39 ± 0.34 
16.19 ± 0.71 
4.90 ± 0.35 
- 
1.36 ± 0.60 
0.15 ± 0.13 
- 
1.03 ± 0.67 
5.12 ± 0.91 
19.55 ± 1.98 
12.34 ± 5.32 
67.95 ± 7.44 
27.24 ± 0.53 
0.04 ± 0.07 
0.08 ± 0.07 
0.65 ± 0.56 
20.99 ± 1.24 
1.72 ± 0.58 
3.70 ± 0.12 
20.66 ± 4.87 
- 
7.12 ± 6.18 
13.39 ± 0.34 
0.74 ± 0.17 
16.00 ± 2.21 
4.61 ± 0.84 
- 
1.12 ± 0.52 
0.18 ± 0.09 
- 
1.73 ± 0.10 
7.18 ± 1.46 
21.11 ± 1.34 
10.60 ± 7.83 
68.18 ± 9.24 
29.51 ± 4.40 
0.09 ± 0.06 
0.24 ± 0.07 
1.69 ± 0.05 
17.76 ± 1.21 
4.64 ± 0.55 
3.94 ± 0.16 
19.47 ± 0.98 
- 
6.22 ± 0.36 
9.81 ± 0.80 
0.35 ± 0.05 
20.51 ± 0.16 
5.95 ± 0.80 
- 
2.55 ± 0.36 
0.15 ± 0.14 
0.05 ± 0.04 
1.08 ± 0.07 
4.72 ± 0.44 
18.09 ± 1.12 
15.11 ± 0.57 
66.02 ± 1.35 
32.25 ± 1.13 
0.22 ± 0.21 
0.25 ± 0.22 
1.27 ± 0.38 
18.70 ± 0.20 
2.72 ± 0.60 
5.38 ± 0.14 
18.81 ± 4.11 
- 
8.65 ± 1.71 
13.15 ± 0.16 
0.49 ± 0.33 
16.34 ± 0.60 
5.21 ± 0.09 
- 
1.90 ± 0.24 
0.33 ± 0.10 
0.03 ± 0.04 
1.17 ± 0.41 
5.29 ± 0.38 
19.17 ± 0.36 
14.54 ± 2.88 
66.21 ± 3.18 
28.02 ± 0.75 
0.05 ± 0.06 
0.17 ± 0.15 
0.98 ± 0.28 
20.51 ± 1.83 
2.43 ±0.35 
4.68 ± 0.64 
18.37 ± 5.18 
- 
10.50 ± 1.72 
13.01 ± 1.10 
0.75 ± 0.14 
14.69 ± 0.44 
4.33 ± 0.54 
- 
1.59 ± 0.10 
0.29 ± 0.02 
- 
1.46 ± 0.29 
5.96 ± 0.30 
20.74 ± 2.03 
15.50 ± 2.38 
63.55 ± 4.46 
26.44 ± 0.08 
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Figure 6 presents the results of a Redundancy Analysis (RDA) which summarizes in two 
dimensions the variation of FA production and gene expression that can be attributed to 
the treatments applied. The primary (RDA1) and secondary (RDA2) axes of the RDA 
explain 27.7% and 10.2% of this variation, respectively. The gene expression of BKAS, 
Δ6E, Δ5D and ACSase-encoding genes as well as FA proportions explained the difference 
amongst salinity treatments (RDA, Figure 8, p<0.001).     
                                                 
Different treatments showed different proportions of certain FAs and transcripts. A clear 
separation of treatments with low salinity 5 ppt (day 2, 4, 6), 10 ppt (day 2, 4) and high 
salinity 30 ppt, 40 ppt and 50 ppt was revealed along the primary axis. An induction of the 
ACSase-encoding gene was observed in salinities of 5 ppt relative to 40 and 50 ppt 
(Figure 6). The main differences between low and high salinity treatments are particularly 
attributed to the separation of FAs such as C18:4 and C20:4 (Table 3), which were present 
at higher proportions in the 5 ppt and 40-50 ppt treatments, respectively. It can also be 
noted that these particular FAs are located in contrasting quadrants along both primary 
and secondary axes of the RDA (RDA1 and RDA2).  
 
On the secondary axes (RDA2), the main differences were observed between salinities 5 
ppt at day 2 and 10 ppt at day 4, which was clearly shown by FAs C16:3 and C18:4 
(Figure 6). Differences between low and high salinities were also observed. Salinities 40 
and 50 ppt led higher proportions of C18:4 relative to 5 ppt, which presented lower 
percentages of C18:4 but higher C20:4 values.  
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Figure 6. Redundancy analysis (RDA) summarizing variation in gene expression and fatty 
acid production of Tetraselmis sp. at different salinities. ( ) 5 ppt day 2, ( ) 5 pp day 4, (
) 5 ppt day 6, ( ) 10 ppt day 2, ( ) 10 ppt day 4, ( ) 10 ppt day 6, ( ) 30 ppt day 2, ( ) 
30 ppt day 4, ( ) 30 ppt day 6, ( ) 40 ppt day 2, ( ) 40 ppt day4, ( ) 40 ppt day 6, ( ) 
50 ppt day 2, ( ) 50 ppt day 4,  ( ) 50 ppt day 6. The small colored circles represent the 
centroid of the treatment replicates. 
 
Discussion 
 
Tetraselmis sp. was used as a laboratory model strain to study the effect of salinity on 
growth, FA accumulation and expression of genes involved in the FA synthesis. Optimal 
growth conditions are species-specific depending on cellular adaptation mechanisms to 
environmental stress. This study found that Tetraselmis sp. M8 displayed the best growth 
rate at 40 ppt, but the highest final biomass at 30 ppt. Other studies found that Tetraselmis 
suecica presented a maximum cell density of 6.4x106 cell/mL at a salinity of 25 ppt [36]. 
Diverse microalgal species have been found to have optimal growth when cultured at 
different salinities. For example, Chaetoceros wighamii [10] and Gracilaria corticata [37] 
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presented their highest growth rate at 25 and 35 ppt, respectively. Nannochloropsis sp. 
showed a high growth rate at 13 ppt when cultured at low light irradiance (170 μmol 
photon/m2.s); however, when Nannochloropsis sp. was cultivated under high light 
irradiance (700 μmol photon/m2.s) its best growth occurred at 27 ppt [18]. Halotolerant 
microalgal species D. salina demonstrated the highest cell concentration at 1.0 M NaCl (58 
ppt) [19]. Although, there are several studies related to salt tolerance in microalgal 
species, the salt tolerance mechanism in several species of commercial interest, such as 
Tetraselmis sp. requires further study. Depending on the strain and its salinity tolerance, 
FA synthesis can be induced or inhibited. D. salina was found to increase its FA content 
from 60 to 67% when salinity was elevated from 0.5 to 1 M NaCl (58 ppt) [19]. In the 
present study, Tetraselmis sp. M8 was observed to have the highest omega-3 FA 
proportion in relation to total FAs at day 2 (nutrient replete) at a salinity of 50 ppt, followed 
by 40 and 30 ppt. Omega-3 FAs such as EPA have been associated with high growth due 
to their importance in cellular functions. Studies on Pinguiococcus pyrenoidosus 
demonstrated that maximum EPA and DHA production occurred at salinities of 30 ppt [38]. 
Schizochytrium limacinum was found to have high growth rates at salinities between 18-27 
ppt while its highest DHA content was found at a salinity of 9 ppt after 5 days of cultivation 
[39]. Although the highest EPA production is more commonly associated with nutrient 
replete conditions optimal for cellular growth, not all species of microalgae have higher 
ratios of this FA during logarithmic growth. The present study for example showed that the 
proportion of EPA in Tetraselmis sp. increased during the progression of nutrient stress. 
However, total omega-3 FAs decreased with nutrient stress, primarily due to the reduction 
of ALA. 
 
Gene expression for FA synthesis has previously been studied in several microalgal 
species, demonstrating that up- and/or down-regulation of genes occurs as a result of 
changes on external conditions like salinity [40,41]. Growth is promoted when cultures are 
under nutrient replete conditions, enhancing gene expression by using large amounts of 
anabolic structural components. However, once nutrients are depleted, autophagic 
processes can be activated to provide intracellular nitrogen for limited de novo synthesis 
allowing cells to change and adapt [40]. Gene expression for LC-PUFA synthesis was 
generally up-regulated by nutrient deprivation (Figure 4). Differential gene expression for 
Δ5D, involved in the desaturation of FA chains for synthesis of ARA and EPA, was higher 
at high salinity once nutrients were depleted from the medium (Figure 4B). On the other 
hand, lower salinity levels induced higher expression of the Δ6E-encoding gene, involved 
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in the elongation of C18:4 into C20:4 and C18:3 into C20:3 in the omega-3 and omega-6 
FA pathways, respectively (Figure 1). Although enzymes have been reported to have a 
dual activity in each FA pathway; the little or undetectable C20:3 in Tetraselmis sp. FA 
profiles indicate that the omega-3 FA pathway is more likely to be used than the omega-6 
pathway.  
 
A salinity shock experiment in D. salina found the proportion of 18, 20 and 22 carbon FAs 
and desaturation were higher at high salinity (3.5 M; 203 ppt) compared to normal salinity 
(0.5 M; 29 ppt) which had higher proportion of saturated 16 carbon FAs. The BKAS-
encoding gene was also highly induced with the high salinity treatment, it was therefore 
suggested that the BKAS elongation reactions provided sufficient substrate for long chain 
desaturases to work. Therefore, salinity can activate FA modification by elongation and 
desaturation of FA chains to contribute to the osmoregulation of salt tolerance of 
microalgae [27]. In Tetraselmis sp. we found an increase in BKAS and ACSase transcript 
abundance with nutrient depletion, but there was no significant difference in gene 
expression between salinities, and no differences in the proportion of FA carbon chain 
length or level of desaturation. The differences we found in the current experiment were 
probably due to the pre-adaptation to salinity, rather than osmotic shock. 
 
In conclusion, changes in salinity primarily altered biomass productivity with 30 and 40 ppt 
having the highest growth rate and final productivity. Salinity had no significant effect on 
the percentage of EPA or total FA production (Supplementary Table 2). Under nutrient 
depletion, most of the genes analysed from the FA synthesis pathway were strongly 
upregulated, but the gene expression typically decreased once cultures were fully starved 
(Supplementary Table 1). A correlation between the upregulation of Δ6E-encoding gene 
and the conversion of C18:4 to C20:4 was found, indicating that the omega-3 pathway is 
more likely to be used for synthesis of LC-PUFAs in Tetraselmis sp. Additionally, an 
increase of EPA (C20:5) and ETA (C20:4) proportions with progression of nutrient stress 
was found, especially algal cultures grown at 40 ppt of salinity. However, the trigger for 
synthesis of EPA still remains unclear. Hence, further studies are required to determine 
the responsible factors for the upregulation of the omega-3 pathway synthesizing EPA in 
Tetraselmis sp. under diverse environmental conditions. 
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Closing remarks and future prospects 
- The work presented in this study reports that fatty acid biosynthesis response in 
microalgae is species-specific. Microalgal species tested under optimal growth 
showed a relation to high accumulation of LC-PUFA such as EPA. Thus pursuing a 
promising productivity of EPA and LC-PUFA in microalgae requires optimal growth 
conditions such as the best salinity levels, optimal nutrient availability and aeration 
for efficient carbon uptake and cell proliferation.  
 
- Amongst species tested, Nannochloropsis sp. BR2 had the most promising level of 
EPA accumulation associated to fast and high cellular growth. Abiotic conditions 
were found to have a significant impact on growth and fatty acid synthesis, but it 
was clear that for this alga, optimal growth conditions, rather than abiotic stress 
stimuli provided the highest overall EPA productivity.  
 
- Nutrient limitation of carbon, nitrogen and phosphorus can importantly hold back 
cell proliferation; hence, affect negatively polyunsaturated fatty acid profiles. 
Optimal levels of nitrogen and phosphorus were found to be higher to what is 
provided in commercial F/2 medium requiring an increase of formulated 
concentrations up to 100 μmol PO4
3-
 to obtain a final N:P ratio of 10:1.  
 
- Although bubbling was used to assure efficient aeration and mixing in growing 
cultures, carbon availability proved to be a limiting factor. Added inorganic carbon 
as CO2 or as Na2HCO3 provided further improved nutritional conditions to efficiently 
grow the microalgae tested Tetraselmis sp. and Nannochloropsis sp.  
 
- Additional stress conditions had different effects on microalgal fatty acid 
accumulation. However, conditions such as change of temperature and UV-C 
radiation did not have an enhancement effect for EPA productivity in strains such as 
P. lutheri and Nannochloropsis sp.   
 
- This study found that salinity is an important factor causing an important effect on 
growth and fatty acid accumulation. In the highest EPA-accumulating microalgae, 
Nannochloropsis sp., salinity showed a positive effect on growth when culturing 
salinity was reduced from 35 to 25 ppt and surprisingly down to 5 ppt.  
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- This change on cellular response to low salinity drove our interest toward the gene 
expression participating on osmotic response and fatty acid accumulation. 
Tetraselmis sp. strain M8 as laboratory model and with a draft transcriptome 
developed was ideal to study different salinity levels, showing that once again, 
stress conditions response was species-specific.   
 
- Optimum growth in Tetraselmis sp. levels of salinity were between 30-40 ppt 
presenting higher expression of genes encoding Δ5D, involved in the fatty acid 
synthesis of EPA under nutrient starved conditions. On the other hand, salinity 
levels of 10 ppt had higher gene expression of Δ6D-encoding genes and 
consequently displayed higher efficiency for synthesizing fatty acid C20:4, revealing 
at the same time that the main FA pathway used by M8 for production of LC-PUFA 
is the omega-3 pathway due to the high presence of C18:4. Conclusively, studies 
on algal transcriptomes by gene expression profiling combined with metabolite 
analyses is a step forward to understand and enlighten the process and triggers of 
fatty acid biosynthesis, especially for LC-PUFAs such as EPA.  
 
- It can be concluded that both EPA-promoting conditions (optimal growth and abiotic 
stress) can be used to optimize EPA production in microalgae, but that this is 
species- or even strain-specific. Clearly, nutrient deprivation stimulated overall lipid 
biosynthesis and total fatty acid production in all strains tested, but this often had 
detrimental effects on EPA productivities. Hence the main recommendation from 
this thesis is to provide optimal growth conditions for maximal EPA yields; but in 
cases, where high EPA-concentrated algal oil is desirable, stress conditions, such 
as nutrient deprivation and UV-C should be applied. This led to EPA proportions of 
up to 40% of total fatty acids, a value comparable to that of triple concentrated fish 
oil, respective of the lipd species that EPA belongs to in the cell (TAG and/or polar 
lipid) any form of this FA would be bioavailable to the human body after 
consumption.  
 
 
Future prospects 
 
- This study found Nannochloropsis sp. BR2 as a promising strain for EPA production 
that can be stimulated under optimal growth conditions. Further studies on gene 
expression of genes encoding enzymes participating in fatty acid synthesis on 
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species with high fatty acid contents such as Nannochloropsis sp. under optimal 
growth conditions can give a better comprehension of how to trigger and enhance 
the EPA synthesis. This should be possible now as the genome data of 
Nannochloropsis gaditana has just recently become available 
(www.nannochloropsis.org). 
 
- Investigation on additional abiotic factors with possible effects on growth and FA 
accumulation, such as light availability, is suggested to perform in Nannochloropsis 
sp. as well as other species with potential high fatty acid synthesis (e.g. Pavlova 
lutheri and Chaetoceros calcitrans). 
 
- The combined knowledge of transcriptome and FAME profiles may enable targeted 
metabolic engineering in the future, as an additional path for omega-3 production, 
alongside optimization of culturing conditions and the identification of effective 
omega-3 biosynthesis stimuli. 
 
- Differential expression of FA pathway genes under the effect of other abiotic 
culturing conditions can provide additional knowledge about possible triggers for 
EPA and fatty acids in other promising marine species (e.g. Pavlova lutheri and 
Chaetoceros calcitrans), and consider what could happen to the FA profiles within 
different lipid species. 
 
- It would be interesting to combine the approaches used in this thesis with more 
comprehensive lipid analysis that can show which lipids species the omega-3 are 
associated with.  
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Appendix 2 
 
Growth rate and fatty acid profiles of previously screened microalgae strains. Data 
published on LIM, D. K., GARG, S., TIMMINS, M., ZHANG, E. S., THOMAS-HALL, S. R., 
SCHUHMANN, H., LI, Y. & SCHENK, P. M. 2012. Isolation and evaluation of oil-producing 
microalgae from subtropical coastal and brackish waters. PloS one, 7, e40751.    
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Appendix 3 
 
Supplementary data from strains presented in chapter 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Species Condition Growth rate (µ)
Tetraselmis sp. Shaking N:P Ratio 18:1 0.037 ± 0.002
Strain M8 N:P Ratio 10:1 0.048 ± 0.004
15 ppt 0.126 ± 0.002
25 ppt 0.134 ± 0.008
35 ppt 0.142 ± 0.013
14°C 0.100 ± 0.007
23°C 0.267 ± 0.012
27°C 0.308 ± 0.028
Bubbling N:P Ratio 24:1 0.162 ± 0.011
N:P Ratio 10:1 0.156 ± 0.009
Nannochloropsis sp. Shaking 15 ppt 0.404 ± 0.002
25 ppt 0.389 ± 0.035
35 ppt 0.338 ± 0.002
14°C 0.134 ± 0.001
23°C 0.190 ± 0.013
27°C 0.264 ± 0.015
Bubbling 5 ppt 0.447 ± 0.006
15 ppt 0.415 ± 0.027
25 ppt 0.426 ± 0.001 23.23 ± 3.41
Chaetoceros calcitrans Shaking 15 ppt 0.193 ± 0.006 late log phase
25 ppt 0.202 ± 0.002 late log phase
35 ppt 0.251 ± 0.019 Starved 
14°C 0.264 ± 0.008 late log phase
23°C 0.196 ± 0.007
27°C 0.135 ± 0.007
Chaetoceros muelleri Uvc exposure 10 mJ  - 
50 mJ  - 
100 mJ  - 
Pavlova lutheri Uvc exposure 10 mJ  - 24 h after UV radiation
20 mJ  - 
50 mJ  - 
100 mJ  - 
%EPA/TFA %EPA/DW
  - 
 -   - 
2.38 ± 0.15   - 
2.73 ± 0.19   - 
3.37 ± 0.20   - 
  - 
  - 
  - 
 -   - 
 -   - 
22.94 ± 4.45   - 
17.50 ± 7.23   - 
18.45 ± 2.33   - 
21.09 ± 1.30 1.61 ± 0.17
18.55 ± 8.54 1.47 ± 0.41
1.59 ± 0.76
13.49 ± 1.19   - 
14.52 ± 0.85   - 
9.07 ± 1.94   - 
7.19  ± 0.63   - 
6.94   - 
8.59   - 
12.6 0.074
6.5 0.033
2.3 0.016
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Appendix 4 
Supplementary FAME data presented in chapter 4 
Table 4 Effect of CO2 injection on fatty acid compositions (% fatty acid/total fatty acids) of 
Nannochloropsis sp. Data represent mean ± SD for three independent replicates. 
*Indicates statistical differences amongst treatments in a particular day. 
 
 
 
 
 
 
 
 
 
 
 
 
	 	
CO2	Injection	
	
Control		
	 	 	 	 	
	
FAME	 Day	 Day	
	 3	
	
4	
	
6	
	
8	
	
3	
	
4	
	
6	
	
8	 	
C11:0		
	
1.008	±	0.687	 0.741	±	0.202	 0.216	± 0.090	 0.205	±	0.060	 2.581	±	0.399	 2.201	±	1.624	 0.475	± 0.053	 0.308	±	0.085	
C12		
	
1.193	±	0.758	 0.951	±	0.194	 0.456	±	0.161	 0.395	±	0.137	 2.247	±	0.463	 1.926	±	0.670	 0.720	±	0.245	 0.464	±	0.142	
C14		
	
3.967	±	1.123	 4.652	±	0.933	 4.982	±	0.794	 5.347	±	0.887	 4.602	±	1.418	 4.610	±	1.155	 4.338	±	1.079	 4.376	±	0.742	
C16		
	
30.210	±	0.847	 37.539	±	4.645	 38.609	±	3.731	 39.138	±	4.134	 25.599	±	5.390	 27.213	±	3.410	 35.786	±	2.909	 36.982	±	3.888	
C16:1	
	
27.162	±	2.406	 29.573	±	1.535	 28.667	±	4.068	 28.845	±	4.187	 31.985	±	6.931	 31.818	±	10.937	 30.417	±	3.636	 29.659	±	4.856	
C18		
	
1.038	±	2.406	 1.431	±	0.454	 1.626	±	0.761	 1.620	±	0.678	 0.538	±	0.276	 0.627	±	1.086	 1.623	±	0.591	 1.908	±	0.798	
C18:1	
	
3.173	±	0.325	 7.425	±	1.010	 11.185	±	3.258	 12.795	±	3.603	 2.811	±	1.569	 4.645	±	3.179	 7.495	±	2.471	 10.706	±	3.675	
C18:2		
	
2.031	±	1.334	 1.563	±	0.642	 1.257	±	0.367	 1.112	±	0.348	 2.438	±	0.882	 2.423	±	0.573	 1.403	±	0.306	 1.218	±	0.432	
C18:3	(ω-6)	 1.044	±	0.156	 0.398	±	0.050	 0.430	±	0.068	 0.383	±	0.098	 1.159	±	0.161	 0.921	±	0.514	 0.626	±	0.060	 0.574	±	0.066	
C18:3	(ω-3)	 0.000	±0	.151	 0.033	±	0.058	 0.011	±	0.015	 0.017	±	0.004	 0.094	±	0.163	 0.062	±	0.107	 0.029	±	0.042	 0.010	±	0.017	
C20:4		
	
5.273	±	0.000	 3.211	±	0.438	 3.034	±	0.985	 2.640	±	1.194	 4.928	±	2.130	 4.979	±	1.876	 4.235	±	1.275	 3.704	±	1.441	
C20:5		
	
23.223	±	0.834	 10.460	±	1.523	 8.847	±	2.446	 7.052	±	3.088	 18.710	±	8.023	 16.683	±	4.216	 12.198	±	2.960	 9.562	±	3.198	
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Table 2 Comparison of different FA induction conditions on fatty acid compositions (% fatty 
acid/total fatty acids) of Nannochloropsis sp. during replete and deplete nutrients phase. 
Data represent mean ± SD for three independent replicates. *Indicates statistical 
differences amongst treatments in a particular day. (-) indicates non detected FAME 
 
 
 
 
 
 
 
 
 
 
FAME 
 
Control UVc 5 ppt 
Day 
2  5  
Day 
2  5  
Day 
2  5  
C11:0 - - - - - - 
C12 - - - - - - 
C14 1.637 ± 0.068 3.489 ± 0.210 2.518 ± 0.217 2.789 ± 0.237 1.302 ± 0.533 3.329 ± 0.309 
C16 28.677 ± 2.671 41.434 ± 0.416 46.650 ± 1.267 36.452 ± 0.745 31.523 ± 1.445 41.434 ± 0.791 
C16:1 29.304 ± 0.707 28.778 ± 0.827 25.553 ± 0.547 19.292 ± 1.327 29.563 ± 0.793 29.426 ± 0.887 
C18  - 0.704 ± 0.240 0.640 ± 0.315 0.055 ± 0.096 - 1.117 ± 0.163 
C18:1   0.534 ± 0.479 7.193 ± 0.521 2.573 ± 0.173 8.529 ± 0.741 0.406 ± 0.671 8.968 ± 0.999 
C18:2  0.020 ± 0.035 0.620 ± 0.117 0.414 ± 0.254 5.358 ± 0.846 - 0.235 ± 0.240 
C18:3 (ω-6) 0.004 ± 0.007 0.031 ± 0.054 0.254 ± 0.068 0.184 ± 0.049 - 0.041 ± 0.049 
C18:3 (ω-3) 0.200 ± 0.224 0.028 ± 0.025 - 5.736 ± 0.732 - - 
C20:4  6.625 ± 0.627 4.187 ± 0.328 2.698 ± 0.026 3.486 ± 0.175 5.965 ± 0.456 3.474 ± 0.128 
C20:5 32.998 ± 3.140 13.536 ± 0.566 18.699 ± 2.063 18.095 ± 1.517 31.242 ± 2.457 11.976 ± 0.146 
	
FAME 
 
NaHCO3 CO2 HCl 
Day 
2  5  
Day 
2  5  
Day 
2  5  
C11:0 - - - - - - 
C12 - - - - - - 
C14 2.233 ± 0.390 4.076 ± 0.449 2.077 ± 0.335 4.458 ± 0.240 2.233 ± 0.229 4.171 ± 0.244 
C16 19.028 ± 16.894 41.205 ± 0.910 19.936 ± 17.341 42.108 ± 0.297 18.737 ± 16.251 38.892 ± 1.439 
C16:1 30.678 ± 4.662 27.650 ± 0.506 28.071 ±2.513 27.407 ± 0.664 31.455 ± 5.170 29.752 ± 0.979 
C18  - 0.598 ± 0.263 - 0.896 ± 0.170 - 0.688 ± 0.266 
C18:1   0.719 ± 0.769 9.702 ± 0.352 1.407 ± 1.303 9.838 ± 0.322 0.509 ± 0.148 6.749 ± 0.455 
C18:2  0.263 ± 0.227 0.974 ± 0.170 1.163 ± 0.259 1.154 ± 0.079 0.599 ± 0.202 0.793 ± 0.351 
C18:3 (ω-6) 0.059 ± 0.066 0.083 ± 0.059 0.202 ± 0.062 0.140 ± 0.077 0.062 ± 0.108 0.030 ± 0.052 
C18:3 (ω-3) 0.612 ± 0.570 0.188 ± 0.092 2.095 ± 0.810 0.292 ± 0.021 1.115 ± 0.462 0.063 ± 0.090 
C20:4  6.999 ± 1.863 3.802 ± 0.405 7.287 ± 2.087 3.506 ± 0.237 8.042 ± 1.697 4.891 ± 0.480 
C20:5 39.408 ± 10.835 11.721 ±1.820 37.762 ± 12.960 10.202 ± 0.410 37.247 ± 9.121 13.971 ± 0.845 
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Appendix 5 
 
Understanding Tetraselmis sp. lipid production: a new transcriptional profiling 
approach (Paper draft) 
David Lim, Holger Schuhmann, Skye R Thomas-Hall, Kenneth Chan, Felipe Aguilera, T 
Catalina Adarme-Vega, David Edwards, Peer Schenk 
 
 
Methods 
Culture growth conditions – Semi-continuous cultures of Tetraselmis sp. were 
established in order to maintain them in constant nutrient-replete conditions and 
exponential growth phase before the start of each experiment. The 1 L cultures were 
maintained by replacing half the culture (500 mL) with autoclaved seawater (Aquasonic) 
and feeding with F/2 medium (phosphate enriched to a final concentration of 100 μM) 
sufficient for 1 L every 48 h.  The cultures were grown in 1 L Schott bottles with constant 
bubbling (25 PSU) at 24°C under 16:8 light/dark photoperiod of fluorescent white lights (50 
μmol photons m-2s-1). 
Omics experiment, semi-continuous cultures were maintained with a regime similar as 
above.  At the start of the experiment, nitrogen-starved and phosphate-starved cultures 
were give nitrogen-deficient and phosphate-deficient F/2 medium respectively to induce 
lipid production.  
In the time course experiment, the semi-continuous cultures were maintained by diluting to 
0.5 x106 cells/mL and feeding with F medium (phosphate enriched to a final concentration 
of 100 μM) every 48h. Full strength F medium was used as larger difference in nutrient 
levels between treatments were expected to lead to more pronounced lipid induction.  At 
the start of the experiment, nitrogen-starved cultures were fed nitrogen deficient F-medium 
to induce lipid production.  
In both experiments, the nitrogen and phosphate concentration of the cultures were 
measured daily to ensure nutrient-deplete conditions only occurred 48h after feeding 
(Supp Fig 1). The dilution n-feeding regime was altered in the time course experiment to 
reduce the duration in which cultures experienced nutrient-deplete conditions at 48h 
before feeding.  All treatments were grown as 3 independent replicates. 
 
Physiological parameter analysis 
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During the course of the experiments, various physiological parameters such as cell 
density, Nile Red fluorescence, nitrate and phosphate concentration, chlorophyll a & b and 
fatty acid (FA) content were measured.  
Nutrient and chlorophyll content - Total nitrate and phosphate content in the media 
were measured as described in Adarme et. al (In Press) using API Aquarium 
pharmaceutical Nitrate NO3- and Phosphate PO4
3- test kit with absorbance measurements 
taken on a spectrophotometer (Hitachi U-2800 UV-VIS) at 545 nm and 690 nm 
respectively. For chlorophyll extraction, 90% acetone and glass beads were added to a 5 
mL microalgae pellet (extracted via centrifugation, 10000 x g, 7 min) and then vortexed for 
3 min before being stored in the dark at °C for 2 h. Cellular debris was then pelleted (500 x 
g, 20 min) and the optical density (OD) of the acetone supernatant measured on a 
spectrophotometer at 664 nm, 647 nm and 630 nm. The calculations for the concentration 
of chlorophyll a & b were then done as described in Franson (2005). 
 
Nile red fluorescence, cell density and fatty acid analysis - For lipid accumulation, 1 
mL of culture was stained with 6 μL of Nile Red (NR) in DMSO solution (250 μg/mL). 
Samples were then gently vortexed and incubated in the dark for 10 min. 200 uL is then 
loaded into a 96 well plate (Sarsted) in triplicate. Yellow-gold fluorescence was then 
measured on a POLARstar OPTIMA (BMG Labtech) plate reader using fluorescence 
intensity mode. Gain was set at 3000, with excitation and emission wavelengths of 485 nm 
and 590 nm selected. Specific fluorescence was obtained by dividing the NR fluorescence 
intensity by the cell number. Cell density was monitored via cell count with a 
haemocytometer. Fatty acids (FA) were analysed by Gas chromatography-mass 
spectrometry (GC/MS) in the Metabolomics Australia service at the University of Western 
Australia as described previously (Lim et al., 2012), with the exception that 5 mg of culture 
was used instead of 4ml culture. Hydrolysis and methyl-esterification was performed as 
described. 
 
Microscopic analyses 
Cells at day 1 of the Omics experiment were stained with Nile Red (250 μg/mL) and 
photographed using a Olympus BX60 microscope and Olympus DP50 digital camera. 
Epifluroescent (excitation: 510-550 nm; emission: 590 nm ) images were taken with 
magnification at 400x.  
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RNA sampling and Extraction - Sampling for RNA was performed on control and 
nitrogen-starved cultures at the desired time-points of 24 h for the Omics experiments and 
16, 24, 32, 48 and 72 h for the time-course experiment. At these time points, 10 mL of 
culture were collected  (10000 x g, 7 min) from each replicate, the supernatant discarded 
and the collected cell pellets immediately flash frozen with liquid nitrogen and then stored 
at -80°C until RNA extraction. Just before RNA extraction, cell pellets were re-suspended 
in lysis buffer (SV Total RNA Isolation System kit, Promega) and then ground using a 
micro-pestle.  Total RNA was then extracted following the SV Total RNA Isolation System 
(Promega) protocol with the exception that the incubation at 70°C was done at room 
temperature instead. Total RNA were not pooled but kept as respective replicates and 
then stored at -80°C.  
 
cDNA library contruction & sequencing - cDNA libraries were made from replicates of 
the Omics experiment following the TruSEQ RNA V2 kit protocol, each replicate with their 
own adapters. Products were then quantified on a Qubit ® 2.0 Fluorometer (Invitrogen) 
and checked for quality on a Bioanalyzer 2100 (Agilent). 151 bp paired-end sequencing of 
the cDNA libraries were then performed on an Illumina Mi-Seq using standard protocols. 
Libraries of the same treatment were pooled together, with each treatment being 
sequenced on a separate run.  
 
Sequence Analysis and Differential Kmer Analysis Pipeline (DiffKAP) 
Standard RNA-Seq analysis relies on mapping individual short sequence reads to a 
reference genome or transcriptome and then applying statistical tests to identify 
differentially expressed genes - DEGs. We attempted to applied the popular 
Tophat/Cufflinks [8] on the RNA-Seq data using an available genome of the closest 
species, Chlamydomonas reinhardtii, as reference. The analysis was unsuccessful as less 
than 0.02% reads were mapped.  Therefore, we developed a Differential Kmer Analysis 
Pipeline (DiffKAP) that allowed us to identify in RNA-Seq data of DEGs between two 
samples without using a reference. The DiffKAP pipeline consists of six steps, as shown in 
Figure 1. DiffKAP uses Jellyfish [9] to perform k-mer counting, and automatically 
determines an optimal k-mer size by finding the ‘knee point’ in the k-mer uniqueness graph 
[10]. For this study, an optimal k-mer size of 17 was found to give the best balance 
between the specificity and sensitivity of the information content. The abundance of each 
k-mer is normalized by dataset size, and differentially expressed k-mers (DEKs) are 
determined using the following formula, where k is the query k-mer, c1 and c2 represent 
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the normalised k-mer occurrence in datasets 1 and 2 respectively, X represents the 
minimum difference of the k-mer occurrence and Y is the minimum fold change of k-mer 
occurrence between the two datasets required to call a k-mer as differentially expressed. 
In this study, the minimum difference (X) used was 3, while minimum fold change (Y) used 
was 2 
(k = DEK) ⇔ (|c1 − c2| ≥ X ⋁ (Y ≤
c2
c1
 ⋀ Y ≤
c1
c2
)) 
A single set of unique reads is obtained by removing duplicate reads within the datasets. A 
differentially expressed read (DER) is determined by a strict criterion to minimise false 
positives and is defined as when all constituent k-mers in the read are DEKs, where r is 
the query read and 𝕂 denotes all constituent k-mers in r. 
(r = DER) ⇔ (∀k ∈ 𝕂 = DEK) 
For each DER, the median k-mer abundance is calculated for each of the two datasets, 
and the ratio of median k-mer abundance (RoM) provided as a prediction of expression 
ratio. These reads are then categorized based on their expression ratios. 
1. RoM = 0: Only present in nitrogen-starved  
2. 0 < RoM < 0.5: Highly induced in nitrogen-starved 
3. 0.5 ≤ RoM ≤ 2: Not differentially expressed 
4. 2 < RoM < ∞: Highly induced in control 
5. RoM = ∞: Only present in control  
All DERs are then annotated by comparison with a user specified protein database, e.g. 
Swiss-Prot database [11], with a user defined e-value. The DEG expression level is 
calculated as the median RoM of all DERs which are annotated with the same DEG.  
 The DiffKAP program is available from 
http://appliedbioinformatics.com.au/index.php/DiffKAP 
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Figure 3: DiffKAP dataflow diagram 
 
Functional Annotation and Pathway assignments 
Successfully annotated DERs from both treatments were fed into Blast2GO software in 
order to assign associated gene ontology (GO) terms with an annotation cutoff of 55, and 
GO weight of 5 [12]. Genes in the fatty acid (FA) synthesis, lipid synthesis and lipid 
catabolism pathways was identified by BLASTing the Tetraselmis sp. transcriptome that 
was first uploaded into TAGdb [13] using reference sequences obtained from DIFFKAP or 
NCBI. Similar reads from the BLAST results were also extracted from TAGdb for primer 
design.     
 
Primer design – Reads extracted from TAGdb were assembled to the initial reference 
gene using Geneious to yield a consensus sequence, which was then used as the next 
reference sequence for TAGdb to BLAST the transcriptome for more similar reads for 
assembly. This procedure was repeated until a sequence length of more than 500 bp was 
obtained. This sequence was then input into Primer Express to generate a primer pair. 
(Primer list in supp.) 
 
Reverse transcription and Real-time PCR – Extracted RNA from all replicates and 
experiments were used for cDNA synthesis using the Superscript III reverse transcriptase 
` 105 
for quantitative reverse transcriptase PCR (Invitrogen) following manufacturer’s 
instructions. For RT-PCR, each reaction was performed in a final volume of 10 µl, and 
contained 1µl cDNA, 1µl of each primer (1µM), 5µl SYBR Green using the 7900 HT Fast 
Real-time PCR system (Applied Biosystems). Thermal cycling conditions consisted of 10 
min at 95°C and 45 cycles of 15 s at 95°C and 1 min at 60°C prior 2 min at 25°C. 
Transcript levels were normalised to the expression of one gene encoding β-ACTIN.  
 
 
 
Figure 2:  Growth, lipid accumulation and chlorophyll content of Tetraselmis sp. in 
the Omics experiment under nitrogen & phosphate-starved conditions.  
(a) Cell density growth curve of Tetraselmis sp. cultured in the Omics experiment with 
dilutions every 2 days show reduced cell growth in nutrient deplete cultures.  
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(b) Characterization of lipid accumulation via Nile Red fluorescence intensity per cell 
number show increased lipid accumulation in nitrogen-starved treatment. Boxed 
data points indicate time and treatment at which cells were harvested for RNA 
sequencing. “c” and “p” indicate significant difference from control and phosphate-
starved treatments respectively (Student’s T-test, P<0.05). 
(c) Characterization of chlorophyll content (a, b and total) per cell number show 
reduced chlorophyll content after 48h of nitrogen starvation. “a” indicate significant 
difference of chlorophyll a content to control. “A” indicate significant difference of 
chlorophyll a content to both control and phosphate-starved treatment. “B” indicant 
significant difference of chlorophyll b content to both control and phosphate-starved 
treatment. “T” indicate significant difference of total chlorophyll content to both 
control and phosphate-starved treatments.  
(d) (e) (f) Epifluorescent images of Tetraselmis sp. at day 1 starvation under control (d), 
nitrogen-starved (e) and phosphate-starved (f) conditions reveal increased lipid 
accumulation in nitrogen-starved cells. All images were taken at 40x magnification. 
 
Results 
Once a successful semi-continuous culture was established and allowed to run for 3 
feeding cycles, the Omics experiment was initiated by feeding nitrogen-starved and 
phosphate-starved treatments with nitrogen deficient and phosphate deficient F/2 media 
respectively. Physiological parameters such as cell density, lipid accumulation and 
chlorophyll content were observed during the duration of the experiment (Figure 2). The 
control cultures were observed to have the highest cell accumulation before and after 
dilution on day 2. Both nitrogen and phosphate-starved cultures were found to have 
significantly reduced cell accumulation from day 1 onwards (Figure 2a, P<0.05). 
Phosphate-starved cultures had reduced growth rate when compared to control but 
accumulated cells throughout the experiment, while nitrogen-starved cultures only 
accumulated cell until day 2 and then stopped growing. Lipid accumulation was observed 
via measurement of Nile Red fluorescence per cell number of the cultures (Figure 2b). The 
nitrogen-starved cultures were observed to have significantly higher lipid accumulation 
than the other treatments from day 1 onwards (P<0.05), with a marked increase 
particularly after day 2 of starvation. Phosphate-starved cultures only had significantly 
higher lipid levels than control on day 1, and similarly lipid levels on subsequent days. 
Microscopic analysis of day 1 cultures also revealed nitrogen-starved cells (Figure 2d) to 
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have the most and largest lipids bodies, followed by phosphate-starved (Figure 2e) and 
control cells (Figure 2f), which showed very small lipid bodies.   
 
 
 
Figure 3: Fatty acid profile of control and nutrient deficient culture at day 1 (a) of the 
Omics experiment. Insert table: Percentage of saturated FA (SFA), monounsaturated FA 
(MUFA) and polyunsaturated FA (PUFA). “c” indicate significant difference between 
nitrogen-starved and control cultures. (Student’s T-test; P<0.05). 
 
GCMS analyses were performed on day 1 4 cultures of the Omics experiment to 
determine their FA composition. Nitrogen-starved cultures exhibited significantly higher 
SDA and MUFA compared to control, while PUFA was significantly lower (P<0.05, Figure 
3).  C16 and C18:1 showed the most significant increases, 5.6 % and 7.1% respectively, 
while C18:3 decreased the most, 11.5%. It was also found that while there was a general 
increase in SFAs and MUFAs, there were significant decreases in C14:1 and C16:1 FAs, 
indicating that Tetraselmis sp. could be storing lipids in the form of C16 and C18:1. 
Chlorophyll content was also measured under the different starvation treatments (Figure 
2c). Compared to other treatments, nitrogen starvation led to significant increases in 
chlorophyll a on day 1, but was followed by significant decreases on day 2 and overall 
decrease in chlorophyll content (a & b) on day 3. 
 
Cell harvesting for RNA sequencing for performed on the day 1 Control and nitrogen-
starved cultures. The normalized cDNA were then pooled for each treatment and 
sequenced using the Illunima Mi-Seq. Sequencing of the cDNA libraries gene produced 
approximately 36,000,000 reads per treatment, at a length of 151 bp per read. Initially, 
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Tophat/Cufflinks was used to assemble the RNA-Seq data using an available genome of 
the closest species, Chlamydomonas reinhardtii. The analysis was unsuccessful with less 
than 0.02% reads were mapped.  
The Differential Kmer Analysis Pipeline approach was used to identify differentially 
expressed reads (DERs) between control and nitrogen-starved treatments. A total of 
990,249 DERs were identified as higher expressed in control (also considered as down-
regulated in nitrogen-starved), while 1,046,741 DERs were identified as higher expressed 
in nitrogen-starved treatments. These DERs were then annotated by BLASTing to 
Swissprot. A total of 195,291 higher expressed in control DERs and 24,400 higher 
expressed in nitrogen-starved DERs were annotated to reveal a total of 593 unique genes 
that were differentially expressed between treatments. It should be noted that this only 
represent 10.68% of total DERs due to stringent BLAST criteria, as well as low similarity to 
other available sequenced. Out of those, the majority of DERs matched to Arabidopsis 
(18%), while the closest related alga was Chlamydomonas reinhardtii (3.6% match) Using 
the Blast2Go platform, annotated DERs in both treatments were assigned with GO terms, 
with their distribution presented in Figure 4 (full figure in supplementary) as a percent of 
total DERs from each treatment. The distribution of DERs from nitrogen-starved 
treatments was found to be distinctively different from those of control. In the nitrogen-
starved treatment, carbohydrate metabolic processing (45%) and nucleotide binding (42%) 
accounted for the largest percentage of DERs, followed by DERs coding for catabolic 
processes, generation of precursor metabolites and response to stress (~20-30%). In 
comparison, the functional categories that accounted for the largest percentage of DERs 
in control were plastid, thylakoid, generation of precursor metabolites and protein complex 
(~70-90%), followed by cellular protein modification process, carbohydrate metabolic 
process catabolic process and response to abiotic stimulus (~10-33%). DERs linked to 
lipid metabolic process were found in both control and nitrogen-starved treatments at 7% 
and 11% respectively, while DERs linked to lipid particle was found at 0.9% and 0.1% 
respectively.  
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Figure 4: Distribution of Gene ontology (GO) terms assigned to annotated 
differentially expressed reads (DERs) highly expressed in Control and Nitrogen-
starved treatments. Only GO terms containing more than 5% of DERs are included in this 
figure.  
 
To identify and construct the lipid biosynthesis and degradation (including β-oxidation and 
lipases) pathways in Tetraselmis sp., genes coding for key enzymes in thses pathways 
were identified by BLASTing the sequenced cDNA library uploaded onto TAGDB using 
reference genes. Figures 6, 7 and 8 show the reconstructed pathways for fatty acid 
synthesis, triacylglyceride (TAG) synthesis and lipid degradation based on the identified 
enzymes, with DIFFKAP analysis identifying gene that were found to be differentially 
expressed between the treatments (Red font – down regulated in nitrogen-starved 
treatment; Blue font – up-regulated in nitrogen-starved treatment). Based on the DIFFKAP 
results, the entire FA synthesis pathway, except for malonyl-CoA:ACP transacylase 
(MAT),  was found to be down-regulated when compared to control. The expression of the 
entire TAG synthesis pathway remained unchanged. In the lipid degradation pathway, 
acyl-CoA synthetase (ACSase) which was down-regulated, and acyl-CoA oxidase (ACO) 
which was up-regulated (Figure 8). Next, RT-PCR analysis was performed on the same 
RNA extracted for RNA sequencing to confirm the DIFFKAP findings. In the FA synthesis 
pathway, RT-PCR findings found the entire pathway to be significantly down-regulated, 
except for 3-ketoacyl-ACP reductase (KAR) and enoyl-ACP reductase (ENR) which was 
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unchanged. Expression levels of ACCase, ketoacyl-CoA thiolase (KAT) and Malonyl-
CoA:ACP transacylase (MAT) were found be 4 to 5 fold lower (P<0.05) in the nitrogen-
starved treatments. Expression level of 3-ketoacyl-ACP reductase (KAR) was lower as 
well but lacked replication for statistical analysis. RT-PCR analysis of the genes in the 
TAG synthesis pathway the confirmed the DIFFKAP findings, except for diacylglycerol 
acyltransferase (DGAT) exhibiting reduced expression levels (2 fold, P<0.05). In the lipid 
degradation pathway, ACSase expression levels were significantly lower in nitrogen-
starved by 2 folds, also confirming DIFFKAP results. Furthermore, although this was not 
seen in the DiffKAP results, RT-PCR analysis revealed enoyl-CoA hydratase (ECH) 
expression levels to be 10 fold lower (P<0.05) than control. The ACO-gene was also found 
to be up-regulated, although not at a significant level. Overall, RT-PCR analysis confirmed 
the DIFFKAP findings, with no contrasting results being found. 
 
 
Figure 5: Growth and lipid accumulation of Tetraselmis sp. in the detailed time-
course experiment (control and nitrogen-starved treatment). Grey shaded areas 
indicate time in dark cycle. (a)Growth curve of Tetraselmis sp. culture with significant 
difference (*) in cell density after 32 h (Student’s T-test; P<0.05). (b) Characterization of 
lipid accumulation via Nile Red fluorescence per cell number with nitrogen-starved cultures 
accumulating significantly higher lipids from 16 h onwards (Student’s T-test; P<0.05).  
 
Following the Omics experiment, a subsequent time course experiment was performed to 
investigate the expression of these pathways at 16, 24, 32, 48 and 72 h after nitrogen 
starvation. Observations of the physiological parameters revealed cell accumulation in the 
nitrogen-starved culture having similar trends to the Omics experiment (Figure 5). In 
nitrogen-starved cultures, cell numbers once again increased only until 48h, and then 
subsequently stop growing, with significant difference between treatments occurring from 
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32 h onwards (Figure 5a, P<0.05). In comparison, cell numbers in Control tripled between 
0 and 48h, and continued to increase after dilution and feeding. Lipid accumulation in this 
experiment was also similar to the Omics experiment. The nitrogen-starved cultures was 
found to accumulate significantly more lipids as early as 16 h onwards (Figure 5b, 
P<0.05), and also exhibited another marked increase after 48h.  
RNA were extracted from control and nitrogen-starved cultures at every time point, and 
RT-PCR analysis performed to determine the expression of the various pathways. In the 
FA synthesis pathway, gene expression levels of the nitrogen-starved cells were mostly 
down-regulated or unchanged in the first 24 h, but was then upregulated significantly from 
48 h onwards (Figure 6). In the first 24 h, the expression levels of ACCase, KAR and HD in 
control cells were found to be respectively 3, 5.9 and 113 fold lower (P<0.05) than control, 
but was then significantly up-regulated 3 to 11 fold (P<0.05) higher than control at 48 h 
and 72 h. In MAT and ENR, expression levels between treatments were similar until 72h, 
where the MAT was then down-regulated (2.5 fold, P<0.05) while ENR’s expression was 
up-regulated (8 fold, P<0.05). KAS was found to be consistently down-regulated 
throughout the experiment.  
In the TAG synthesis pathway (Figure 7), gene expression remained unchanged between 
control and treatment cells, particularly in the first 24 h. After 48 onwards, upregulation of 
the PP gene in nitrogen-starved cells was observed (P<0.05), followed by the upregulation 
of GK at 72 h (4 fold, P<0.05). No differences in expression were observed between 
control and treatment for GPAT and AGPAT through out the entire experiment. DGAT was 
found to be significantly down-regulated (P<0.05) at 48h and 72h after nitrogen starvation.  
In the lipid degradation pathway (Figure 8), only TAG lipase was observed to be down-
regulated (4.6 folds, P<0.05) in nitrogen-starved cells, while other genes remained 
unchanged between treatments. Changes in gene expression can be observed from 48 h 
onwards, with ACSase being up-regulated (5 fold, P<0.05) in nitrogen-starved cells from 
48 h onwards, while ECH being down-regulated (83 fold, P<0.05) in treatment at 72 h.  
The expression levels of the pathways were also investigated at 16 h (at the end of dark 
cycle) and 32 h (at the end of light cycle) to determine the effects of the circadian rhythm 
on gene expressions (Figure 9), with graphs of all genes with 16h  and 32 h available in 
supplementary data. In genes such as ACCase, KAR, HD and GK (Figure 6, highlighted 
yellow), a circadian effect was observed in both control and nitrogen-starved treatments, 
whereby expression was significant up-regulated after and before the dark cycle. In MAT, 
KAS, ENR and AGPAT (Figure 6, highlighted orange) however, the circadian effect was 
only observed in the control treatment, while gene expression in nitrogen-starved cells 
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remained consistent through 16 and 32 h. Furthermore, while all the genes affected by the 
circadian cycle presented a diel expression ENR and GK showed increased expression 
only towards the end of the light cycle at 32h. Lastly, the circadian rhythm had no effect on 
genes involved in lipid catabolism.  
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Figure 6: Fatty acid synthesis pathway and changes in gene expression under 
nitrogen depletion. Genes in red font were found down-regulated in DiffKAP analysis of 
Omics RNA. Insert tables show QRT-PCR analysis of the Omics RNA, with bold numbers 
indicating significant difference (Student’s T-test; P<0.05). Insert graphs show QRT-PCR 
expression analysis of genes at 0. 24. 48 and 72 h of the time course experiment, with * 
indicating significant difference (Student’s T-test; P<0.05).  
 
 
 
Figure 7: Triacylglyceride synthesis pathway and changes in gene expression under 
nitrogen depletion. Genes in red font were found down-regulated in DiffKAP analysis of 
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Omics RNA. Insert tables show QRT-PCR analysis of the Omics RNA, with bold numbers 
indicating significant difference (Student’s T-test; P<0.05). Insert graphs show QRT-PCR 
expression analysis of genes at 0. 24. 48 and 72 h of the time course experiment, with * 
indicating significant difference (Student’s T-test; P<0.05). Genes affected by the circadian 
rhythm were highlighted yellow (both control and nitrogen-starved affected) and orange 
(only control affected). 
 
 
Figure 8: Lipid degradation pathway and changes in gene expression under nitrogen 
depletion. Genes in red font were found down-regulated in DiffKAP analysis of Omics 
RNA. Insert tables show QRT-PCR analysis of the Omics RNA, with bold numbers 
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indicating significant difference (Student’s T-test; P<0.05). Insert graphs show QRT-PCR 
expression analysis of genes at 0, 24, 48 and 72 h of the time course experiment, with * 
indicating significant difference (Student’s T-test; P<0.05). 
 
 
 
Figure 9: QRT-PCR expression analysis of genes at 0, 16, 24, 32, 48 and 72 h after 
nitrogen depletion. Grey shaded areas indicated dark cycle in the first 48 h. Relative 
transcript abundance of KAR was found to increase just after and right before the dark 
cycle in both control and nitrogen-starved treatments, while only control exhibited to 
circadian response in MAT.  
 
Discussion 
Oleaginous microalgae such as Tetraselmis sp. have the potential to accumulate large 
quantities of lipid during nutrient deplete conditions. To understand the expression profiles 
of lipid-related pathways in Tetraselmis sp. during the early stages of lipid accumulation, 
this study first determined the best nutrient conditions to stimulate lipid production and time 
point for RNA sampling. RNA was extracted at 24h and was followed by transcriptomic 
analysis and RT-PCR on control and nitrogen-starved cultures. This not only allowed us to 
construct the TAG synthesis, lipid synthesis and lipid catabolism pathways of Tetraselmis 
sp., but also allowed us to study the differential expression of those pathways, along with 
other major gene groups between the two treatments. Data from this first round of “Omics” 
analysis was followed by a second “detailed time course” experiment that analysed the 
differential expression of the aforementioned pathways at 16, 24, 32, 48 and 72h.     
 
Physiological response of Tetraselmis sp. to nutrient depletion 
 
Physiological observations (Figure 2) of Tetraselmis sp. during nutrient deprivation 
revealed that nitrogen and not phosphate depletion induced lipid accumulation. This is 
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similar to many other microalgae [14-17] and show that the transition to starvation phase, 
detected via significant increase in lipid accumulation compared to control, was as early as 
16h after exhaustion of exogenous nitrogen. Furthermore, nitrogen-starved cultures were 
found to undergo just one doubling period within the first 48h, after which cell growth 
ceased and the rate of lipid accumulation significantly increased. This sudden halt in 
growth and increase in lipid content after 1 doubling period also coincides with a significant 
decrease in chlorophyll a content, and may indicate the depletion of internal nitrogen 
stores and the transition from early-starvation to starvation phase. Changes in these 
physiological parameters during the transition from early-stationary to stationary phase 
within the first 48h have also been observed in Botryospharella sudeticus [18], 
Phaeodactylum tricornutum [17] and Neochloris oleoabundans [15].   
 
Functional category analysis of Tetraselmis sp. transcriptome during early-
stationary phase 
 
RNA sequencing of control and nitrogen-starved treatments were performed on RNA 
sampled 24 h after nitrogen depletion using an Illunima Mi-Seq. This was followed by 
DIFFKAP analysis (Figure 1, Supp. 1), which revealed reads that were differentially 
expressed between the 2 different transcriptome. These DERs were then annotated and 
assigned with GO terms to determine the functional categories that were differentially 
expressed (Figure 4). In control, GO terms linked to plastid, thylakoid, generation of 
precursor metabolites and protein complex were each assigned more than 70% of DERs, 
indicating down-regulation of genes linked to these pathways in nitrogen-starved cultures 
that had less than 25% of DERs assigned to similar terms. This finding, when taken into 
account with high abundance of DERs linked to carbohydrate metabolic process, 
nucleotide binding, catabolic process and stress response in nitrogen-starved cultures, 
suggest a shift in carbon flux away from photosynthesis and starch synthesis as the cells 
respond to unfavorable growth conditions and transition into stationary phase. These 
changes in transcript abundance can be linked to the reduction in chlorophyll content 24h 
later as thylakoids are degraded and not replaced. Other microalgae transcriptome studies 
have documented down-regulation of photosynthesis related genes during nitrogen 
deprivation also suggest that light harvesting proteins may be in excess, and that this 
response is linked to the recycling of nitrogen-rich proteins, with no immediate effect of 
photosynthesis capacity [17-19]. This response, along with the observed reduction of 
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transcripts linked to protein complex suggests that Tetraselmis sp. cells begin to converse 
sugar and nitrogen allocation during early-stationary phase.  
 While the reduction in protein synthesis support the observations of reduced cell 
accumulation, it is interesting to find that transcripts linked to cell growth, cell cycle and 
reproduction were more abundant in the nitrogen-starved transcriptome.  The latter group 
may include negative regulators of cell growth and reproduction, as cell density in starved 
cultures did not increase (Figure 2a). Transcripts linked to lipid particle and lipid metabolic 
processes were also found to be higher in nitrogen-deplete cultures, which was reflected 
in the larger lipid particles observed in the microscopic analysis (Figure 2e).  
 
Lipid accumulation during early-stationary phase of Tetraselmis sp. possibly due to 
reduced β-oxidation.  
To further analyse key pathways linked directly to lipid accumulation in Tetraselmis sp., 
individual genes within FA synthesis, TAG synthesis and lipid catabolism were identified 
and linked to associated DERs from the DIFFKAP analysis (Figure 7, 8, 9). This was 
followed by RT-PCR analysis of these pathways to confirm the DIFFKAP analysis as well 
as performed a time-course analysis of these genes. Gene expression of 3 pathways were 
first analysed using DIFFKAP data, which were subsequently confirmed by RT-PCR 
analysis of the same RNA. 24h after exhaustion of exogenous nitrogen, the entire FA 
synthesis pathway was down-regulated. Expression of both TAG synthesis and lipid 
catabolism pathways was unchanged, with only DGAT and ACSase-genes that was down-
regulated in their respective pathway. These results were confirmed in the follow up time-
course experiment, which on a whole had similar expression profiles at 24h post nitrogen 
depletion, with the exception of certain genes. 
 In Tetraselmis sp., although FA synthesis is down-regulated, the down-regulation of 
genes (TAG lipase, ACSase) at the committing steps, as well as at the ECH-gene of the β-
oxidation pathway may indicate that the observed increase in lipid accumulation at this 
time point is a result of reduced lipid degradation, instead of increased lipid accumulation. 
This observation have been observed in Nannochloropsis gaditana, where the lack of up-
regulation amongst lipid biosynthesis genes despite increase lipid production have been 
attributed to sufficiently abundant existing lipid production machinery carried over from 
growth phase, coupled with a shift in carbon flux away from carbohydrate synthesis [20].  
There is strong evidence supporting this in Tetraselmis sp., as the maintenance of basal 
levels lipid production coupled with the decrease of lipid catabolism would result in an 
overall increase in lipid production. Alternatively, similar to N. gaditana and P. tricornutum, 
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the observed down-regulation of fructose-1,6-biphosphate and fructose-1,6-biphosphate 
aldolase (Supp. 2), key regulatory enzymes of carbon metabolism (Calvin cycle and 
gluconeogenesis) in Tetraselmis sp., indicate that the shift of carbon flux away from 
carbohydrate synthesis to lipid synthesis have already begun, and could contribute to the 
increase of lipid production as carbon is being “pushed” into FA synthesis and not being 
“pulled” by increased FA synthesis genes [17, 20, 21]. This diversion of carbon towards 
lipid metabolism is further supported by the observed reduction in starch synthase genes 
(Supp. 2). Overall, there is strong evidence suggesting that the observed lipid 
accumulation of Tetraselmis sp. at 24h is the result of a channeling of carbon flux towards 
the lipid synthesis pathway, as well as a reduction in lipid catabolism.  
 
High lipid accumulation during stationary phase of Tetraselmis sp. due to active FA 
synthesis  
 
The expression of lipid-related genes of Tetraselmis sp. at 48h and 72h after nitrogen 
starvation was also analysed in the time-course experiment to investigate the increase in 
the rate of lipid accumulation, as well as determine if the lack of expression in FA 
synthesis and TAG synthesis pathways were consistent throughout the entire stationary 
phase. The expression of the entire FA pathway in nitrogen-starved treatment was found 
to be significantly higher than control after 24h. The committing steps of TAG synthesis 
(GK and GPAT-gene) and PP-gene (lack of replication at 72 prevented statistical 
significance) were also found to be up-regulated in nitrogen-deplete treatment. 
Interestingly, both TAG lipase and ACSase-genes were similarly upregulated in nitrogen-
starved treatments, with only the ECH-gene being down-regulated at 72h.     
Base on these observations, it suggests that lipid accumulation after 24h has switched 
from a result of decrease in catabolism to an increase in FA and TAG synthesis activity. 
Tetraselmis sp. cells would be actively producing more lipids as opposed to just 
consuming less, which would explained the increase in the rate of lipid accumulation. The 
lack of a clear significant increase in many TAG synthesis genes may suggest the TAG 
assembly pathway on a whole, may be more post-transcriptional controlled in Tetraselmis 
sp., particularly in DGAT which exhibited reduced expression during nitrogen-starvation. 
Evidence of post-translational control of DGAT have been reported in proteonomics 
studies of Chlorella vulgaris [22] and Brassica napus [23], and has also been suggested in  
Neochloris oleoabundans [15]. The evidence for post-transcriptional control of DGAT is 
further supported by the lack of the phospholipid:diacylglycerol acyltransferase (PDAT) 
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gene within the Tetraselmis sp. transcriptome comprising of more than 73,000,000 reads. 
This indicates that that Tetraselmis sp. may lack the acyl-CoA-independent mechanism for 
TAG biosynthesis that have been found in certain microalgae (e.g. Dunaliella tertiolecta 
[24]), and thus relies solely on the TAG synthesis pathway for lipid production. This 
however requires further proteomic and metabolic studies have to be performed to confirm 
this. The up-regulation of genes (e.g. TAG-lipase and ACSase) within the β-oxidation 
pathway during starvation phase is not completely unexpected, and have been previously 
observed in P. tricornutum in association with changing membrane dynamics to cope with 
nutrient depletion [17]. The ECH-gene however, was found to be progressively down-
regulated after 24h, and could present itself as a potential bottleneck in the pathway. 
Nevertheless, the increased rate in lipid accumulation observed after 24h, coupled with the 
up-regulated of the FA synthesis pathway is indicative that Tetraselmis sp. has 
transitioned from a state of reduced lipid consumption during early-stationary phase to a 
state of active lipid producing during stationary phase.  
 
Circadian effect on expression of lipid-related pathways 
Gene expression of Tetraselmis sp. lipid pathways were analysed at 16h (start of light 
cycle) and 32h (light/dark cycle transition) to lipid-related genes that were affected by the 
circadian rhythm, although these time points were removed Figures 6, 7, and 8 graphs to 
rule out the circadian influence on the overall expression analyses. Genes within the FA 
pathway, GK and AGPAT was found to be affected by the circadian cycle, while genes in 
the lipid catabolism pathway was unaffected. Furthermore, a majority of these genes 
(expect for ENR and GK) was found to have a divergent expression, exhibiting a spike in 
expression just at the start and end of the light cycle. This was different from those in P. 
tricornutum [25], where most of the FA synthesis genes showed increased expression only 
at the onset of the light cycle, while β-oxidation was showed increasing expression 
towards the end. This could suggest that FA synthesis in Tetraselmis sp. could be linked to 
photosynthesis and the changing influx of carbon, while TAG and β-oxidation isn’t. 
Furthermore, nitrogen-starvation appear to have an overriding effect on certain genes 
such as MAT, KAS, ENR and AGPAT, where a spike in expression at start or end of the 
light cycle was no longer observed in comparison with control.  
 
FA acid profile 
A main reason Tetraselmis sp. presents a suitable feedstock for biodiesel production is its 
suitable FA composition. When under nitrogen-deplete condition, FA profile of Tetraselmis 
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sp. was found to increase in its proportion of saturated (C16) and mono-unsaturated FA 
(C18:1), and decrease in poly-unsaturated FA (C16:3, C18:3, C18:3)(Figure 3). Several 
genes encoding exzymes involved in FA modification such as desaturation were identified 
by DiffKAP 
 
Experimental limitation 
Conclusion 
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Appendix 6  
Expression profiles for 15 genes in Tetraselmis sp. Transcript abundances are shown 
relative to ACTIN genes measured by qRT-PCR from three independent biological 
replicates. Data represent mean ± SD.  
 
 
 
 
 
 
 
 
 
 
SALINITY 
Genes 5 10 30 
  2 4 6 2 4 6 2 4 6 
BKAS 
Δ5D 
Δ6E 
ACSase 
Δ5E 
D3PDH 
G6Pi 
PyKPA 
PHO 
KAR 
Δ8D 
ENR 
PP 
Δ9D 
DGAT 
0.149 ± 0.028 
0.175 ± 0.045 
0.051 ± 0.007 
0.270 ± 0.355 
0.029 ± 0.011 
0.040 ± 0.007 
0.368 ± 0.039 
1.920 ± 0.796 
0.128 ± 0.031 
0.117 ± 0.070 
0.336 ± 0.097 
0.494 ± 0.287 
0.136 ± 0.023 
0.795 ± 0.071 
0.093 ± 0.009 
1.649 ± 0.404 
0.212 ± 0.043 
0.686 ± 0.115 
5.113 ± 1.665 
0.644 ± 0.767 
0.184 ± 0.102 
0.364 ± 0.084 
9.048 ± 0.878 
0.212 ± 0.093 
0.272 ± 0.057 
0.728 ± 0.072 
0.647 ± 0.080 
0.162 ± 0.068 
0.950 ± 0.113 
0.468 ± 0.041 
0.149 ± 0.101 
0.363 ± 0.098 
0.174 ± 0.073 
2.226 ± 0.316 
0.074 ± 0.086 
0.065 ± 0.016 
0.392 ± 0.184 
7.455 ± 3.141 
0.310 ± 0.162 
0.077 ± 0.057 
0.861 ± 0.327 
0.130 ± 0.058 
0.091 ± 0.041 
0.701 ± 0.335 
0.240 ± 0.077 
0.166 ± 0.078 
0.142 ± 0.081 
0.017 ± 0.010 
1.014 ± 0.311 
0.015 ± 0.009 
0.035 ± 0.014 
0.252 ± 0.110 
1.691 ± 0.803 
0.071 ± 0.059 
0.062 ± 0.037 
0.304 ± 0.102 
0.207 ± 0.061 
0.108 ± 0.087 
0.601 ± 0.304 
0.093 ± 0.015 
1.639 ± 0.130 
0.215 ± 0.021 
0.300 ± 0.061 
2.676 ± 1.257 
0.119 ± 0.018 
0.079 ± 0.026 
0.296 ± 0.040 
14.376 ± 2.968 
0.253 ± 0.099 
0.057 ± 0.018 
1.373 ± 0.228 
0.431 ± 0.103 
0.150 ± 0.018 
0.504 ± 0.046 
0.247 ± 0.075 
0.204 ± 0.086 
0.252 ± 0.125 
0.107 ± 0.024 
0.457 ± 0.148 
0.029 ± 0.002 
0.064 ± 0.045 
0.141 ± 0.057 
3.208 ± 2.273 
0.388 ± 0.146 
0.063 ± 0.068 
0.835 ± 0.402 
0.089 ± 0.022 
0.113 ± 0.026 
0.272 ± 0.129 
0.131 ± 0.040 
0.379 ± 0.325 
0.141 ± 0.009 
0.054 ± 0.066 
0.583 ± 0.082 
0.105 ± 0.156 
0.278 ± 0.403 
0.533 ± 0.398 
6.920 ± 7.919 
0.516 ± 0.818 
0.109 ± 0.118 
0.350 ± 0.058 
0.157 ± 0.135 
0.596 ± 0.878 
1.129 ± 1.509 
1.142 ± 1.865 
1.947 ± 0.328 
0.281 ± 0.045 
0.323 ± 0.030 
1.502 ± 0.515 
0.135 ± 0.033 
0.096 ± 0.024 
0.599 ± 0.262 
27.129 ± 8.719 
0.458 ± 0.127 
0.077 ± 0.046 
2.266 ± 0.582 
0.328 ± 0.055 
0.161 ± 0.073 
0.564 ± 0.078 
0.134 ± 0.017 
0.768 ± 0.480 
0.351 ± 0.068 
0.035 ± 0.029 
0.695 ± 0.303 
0.217 ± 0.062 
0.160 ± 0.163 
0.648 ± 0.373 
16.692 ± 7.390 
0.812 ± 0.627 
0.198 ± 0.219 
1.672 ± 1.165 
0.649 ± 0.293 
0.239 ± 0.169 
0.516 ± 0.470 
0.171 ± 0.060 
 
 
SALINTY 
Genes 40 50 
  2 4 6 2 4 6 
BKAS 
Δ5D 
Δ6E 
ACSase 
Δ5E 
D3PDH 
G6Pi 
PyKPA 
PHO 
KAR 
Δ8D 
ENR 
PP 
Δ9D 
DGAT 
0.223 ± 0.005 
0.154 ± 0.019 
0.015 ± 0.004 
0.616 ± 0.087 
0.039 ± 0.012 
0.066 ± 0.002 
0.428 ± 0.028 
1.924 ± 0.229 
0.036 ± 0.008 
0.059 ± 0.020 
0.400 ± 0.079 
0.147 ± 0.035 
0.088 ± 0.003 
0.897 ± 0.093 
0.091 ± 0.008 
0.0487 ± 0.073 
0.536 ± 0.049 
0.210 ± 0.042 
1.073 ± 0.095 
0.046 ± 0.018 
0.065 ± 0.007 
0.528 ± 0.062 
19.629 ± 3.267 
0.311 ± 0.086 
0.088 ± 0.020 
1.946 ± 0.203 
0.081 ± 0.008 
0.116 ± 0.019 
0.671 ± 0.015 
0.309 ± 0.048 
0.471 ± 0.126 
0.623 ± 0.096 
2.046 ± 0.491 
0.137 ± 0.145 
0.113 ± 0.026 
0.054 ± 0.025 
0.638 ± 0.256 
28.159 ± 15.907 
0.884 ± 0.419 
0.082 ± 0.010 
1.555 ± 0.490 
0.567 ± 0.216 
0.172 ± 0.057 
0.325 ± 0.303 
0.147 ± 0.055 
0.774 ± 0.130 
0.164 ± 0.013 
0.100 ± 0.014 
1.387 ± 0.458 
0.036 ± 0.011 
0.103 ± 0.016 
0.546 ± 0.053 
6.85 ± 2.404 
0.017 ± 0.007 
0.177 ± 0.018 
0.478 ± 0.031 
0.207 ± 0.073 
0.049 ± 0.011 
0.889 ± 0.142 
0.095 ± 0.023 
0.467 ± 0.096 
0.503 ± 0.069 
0.255 ± 0.043 
1.765 ± 0.168 
0.020 ± 0.007 
0.070 ± 0.020 
0.644 ± 0.064 
25.619 ± 8.388 
0.386 ± 0.085 
0.059 ± 0.013 
1.478 ± 0.401 
0.095 ± 0.001 
0.127 ± 0.042 
0.688 ± 0.115 
0.344 ± 0.191 
1.052 ± 1.209 
0.048 ± 0.072 
16.182 ± 24.053 
0.277 ± 0.086 
0.171 ± 0.076 
0.303 ± 0.378 
0.666 ± 0.514 
16.751 ± 11.871 
0.703 ± 0.478 
2.503 ± 4.230 
0.733 ± 0.590 
0.803 ± 0.677 
0.312 ± 0.294 
0.720 ± 0.119 
0.209 ± 0.036 
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Appendix 7 
Total FA ng/mg culture and %FA/mg DW in Tetraselmis sp. cultivated at different salinities 
(5 ppt. 10 ppt, 30 ppt, 40 ppt and 50 ppt), under nutrient stress (day 2 nutrient replete, day 
4 nutrient deplete, day 6 nutrient starved. Data represent mean ± SD. 
 
 
 
Salinity Day Total FA ng/mL  % FA/mg DW 
5 ppt 
2 
4 
6 
147.57 ± 3.26 
63.09 ± 11.12 
144.28 ± 22.72 
22.14 ± 0.49 
11.36 ± 2.00 
17.31 ± 2.73 
10 ppt 
2 
4 
6 
130.45 ± 1.21 
83.53 ± 4.30 
159.05 ± 9.37 
19.57 ± 0.18 
12.53 ± 0.64 
19.09 ± 1.12 
30 ppt 
2 
4 
6 
96.66 ± 14.58 
122.44 ± 14.44 
179.02 ± 36.55 
14.5 ± 2.19 
14.69 ± 1.73 
16.11 ± 3.29 
40 ppt 
2 
4 
6 
97.16 ± 9.32 
144.39 ± 48.85 
114.1 ± 98.91 
14.57 ± 1.40 
17.33 ± 5.86 
15.4 ± 0.56 
50 ppt 
 
2 
4 
6 
113.72 ± 24.65 
88.55 ± 16.78 
175.31 ± 47.33 
17.06 ± 3.70 
13.28 ± 2.52 
21.04 ± 5.68 
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